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SECTION I 


INTRODUCTION' 


A. BACKGROUND 

Safety margins for powered- lift aircraft are inherently different .from 
their counterparts for conventional aircraft both in how they are defined 
and in how they are controlled. This is illustrated by the low speed flight 
path versus airspeed envelopes shown in Fig. 1-1 . While both the conven-, 7" 
tional and powered- lift examples possess a common/idle-thriLSt .stalljspeed, 
their minimum safe target speeds vary greatly. As demonstrated in Refs . 1 
through 3 , powered- lift safety margins can involve several criteria including 
various explicit forms of airspeed, angle of attack relationships, and lift 
margin — not just a simple proportion of stall speed. Also, when operating 
under multiple margin criteria, the pilot or autopilot is confronted with 
either (i) evaluating and maintaining several airspeed and angle of attack 
functions simultaneously or (ii) utilizing conservative margins and tracking 
a nearly constant airspeed or angle of attack. 

In addition to the complex nature of powered- lift safety margins, some 
powered- lift aircraft require a different piloting technique from that of 
conventional aircraft. Where flight path changes cannot be easily sustained 

X > 

using pitch attitude commands, it is necessary, to \ vary, the magnitude of a 
vertically inclined thrust vector to regulate flight path and to vary pitch 
attitude to maintain safety margins — the so-called backside or STOL 
technique. 

1 * 

The implication of the above ideas is that 'it may be, difficult to utilize 
the minimum allowable safety margins of a given powered- lift aircraft and 
thereby to take full advantage of its short landing capability. Consider an 
example. For a given powered- lift airplane, 'Several safety margin criteria*, 
combine to establish a maximum safe flight envelope as shorn in Fig. 1-2 in 
the form of a 7 - V envelope. The problem is how to utilize effectively the 
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Figure 1-2: An Example of the Determination of the Minimum 

Safe Flight Envelope by Various Safety Margin Criteria 



lowest speed defined by the safety margin criteria consistent with suitable 
manual or automatic operation. There is no obvious solution to safe opera- 
tion and maximum utilization of the low speed flight envelope through use 
of existing displays such as pitch attitude, indicated airspeed, or angle of 
attack. Therefore, we must examine more sophisticated alternatives . 

These ideas are based, in part, on the results from a series of simula- 
tor experiments to explore airworthiness criteria needs for powered- lift 
aircraft as summarized in Ref. 4. As a result of the FAA-sponsored Powered- 
Lift Standards Development Working Group (PI&DWG), a set of tentative 
standards was produced and presented in Ref. 1 . 

Hie problem of how to maintain a minimum allowable margin using a 
special cockpit gauge was addressed briefly on an experimental basis in 
Ref. 5 . A more general treatment was given in Ref. 6 which, in turn, led 
to the program reported here. 

B. PROGRAM OBJECTIVE 

The objective of this study was to investigate safety margin system 
concepts which would (i) provide the pilot with crucial information regard- 
ing the state of the aircraft with respect to its flight envelope, and (ii) 
maintain a level of safety consistent with present-day standards. 

The fundamental safety margin for a powered- lift aircraft was assumed 
to be composed of the speed and angle of attack margins recommended by the 
Powered-Lift Standards Development Working Group (Ref. 1 ) . These margins 
axe a function of angle of attack, airspeed, and thrust for given configura- 
tion conditions, e.g., flap angle, nozzle angle, and weight. The criteria 
can be interpreted as defining safety margins in both unaccelerated and. 
accelerated flight. 

Some of the problem areas and tradeoffs which were considered in the 
selection and development of a safety margin system included the following: 

0 Performance in maintaining safety margins while 
utilizing a display which may not show margins 
directly 


TR 1095-1 


k 



® Ease of both automatic and manual aircraft control 
in tracking a given safety margin error 

© Ease of system monitoring on reversion from automatic 
to manual operation 

© System mechanizations as they relate to sensor 
requirements and computer requirements 

© Envelope tradeoffs when backing off from the 
minimum allowable margins in order to enhance 
characteristics of a safety margin system. 

The effort undertaken in this program was primarily a feasibility study 
of the problem. In order to minimize cost and time, the NASA Augmentor Wing 
aircraft was used as the subject of the study, and the flight phase was 
li m ited to final landing approach. The Sperry S TO LAND system was used to 
fill basic computational and display needs. 

C. TECHNICAL APPROACH 

The approach used to study a safety margin system for powered- lift STOL 
aircraft was both analytical and experimental. The analytical portion of 
the study primarily involved 'examination of a large number of possible 
mechanizations which made full use of multiloop control system analysis 
methods. This analysis considered ease of control, display of safety 
margin status, and performance in maintaining safety margins. The analysis $ 
also considered implementation of the system in an airborne digital computer. 
The ultimate goal of the analysis was to sort a large number of possibilities 

i r 

and to find a few which would he worth examining experimentally on a ground- 
based simulator. 

The objective of the experimental program was to study safety margin 
system concepts in a realistic environment taking into account the complexi- 
ties of the aircraft, its systems, and a human pilot. Assuming that a 
feasible safety margin system were found, the ultimate goal would be to 
propose further developmental work including experiments which could be 
flight tested on the NASA Augmentor Wing aircraft in order to verify and 
expand on the simulator results . 
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D. REPORT ORGANIZATION 


Hie chronological progress of the safety margin system program, is 
reflected in the organization of this report. Section II contains the 
definition of a number of important concepts which form the basis of this 
study. These include definition of the assumed safety margin criteria, 
special terms which are useful in dealing with safety margin, systems, and 
finally, a list of useful implementation concepts . Section III describes 
the analytical investigation which includes a systematic survey of imple- 
mentation concepts followed by a discussion of implications for the 
experimental investigation. Section IV then describes the experimental 
investigation with a description of the simulation and the results obtained 
from viewing preliminary system configurations, various design adjustments, 
implementation matters, and a refined safety margin system. Finally, in 
Section V, conclusions and recommendations are presented. Appendix A 
contains aircraft stability and control data used in the system analysis. 

For a concise summary of multiloop analysis relationships. Appendix B is 
offered. Appendix C gives a detailed analysis of a class of safety mar gin 
system concepts. Appendix D provides a description of an on-line pilot 
identification procedure used during the simulator experiment. Finally, 
Appendix E presents airborne digital computer modifications used in the 
system implementation. 

The reader who wishes to obtain an overview of the program and a 
thorough account of the refined system configuration ultimately developed 
should consult Sections II and IV with particular emphasis on Subsection IV. F. 
The reader interested in understanding the conceptual development should 
study Section III in addition. Finally, for a detailed treatment of the 
closed loop analysis methods. Appendices B and C should he studied in 
conjunction with Section III. 
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SECTION II 


DEFINITION OF SAFETY MARGIN SYSTEM CONCEPTS 


It is convenient to precede the reporting of analytical and experimental 
efforts with a definition of various concepts connected with safety maygi ns 
of powered- lift aircraft. We shall begin by citing the safety mar gin 
criteria' which are to be addressed. Next, important cockpit instrument 
display concepts will be identified. Finally, we shall define certain 
safety margin system implementation concepts which are relatively uncon- 
ventional and may require clarification. 


A. SAFETY MARGIN CSITERIA 

The safety margin criteria addressed in our safety margin systemr design 
were those recommended by the FAA-sponsored PISDWG and which are presented 
in Ref . 1 . In order to avoid unnecessary complexity, the condition of 
inoperative power units was set aside. The following applicable criteria 
thus remained: 

1 . Percent airspeed margin relative to minimum airspeed 
at approach thrust! : 

V - V . 

mm , „ ^ 

— y- >' 

v min 

2. Absolute airspeed margin relative to minimum airspeed 
at approach thrust: 


V 


V . > 10 kt 

mm — 


* The term “safety margin system" itself will be defined shortly in II.C.1. 

t According to Ref. 1, "approach thrust" refers to the trim thrust for 
a given approach flight path angle. In order to facilitate implemen- 
tation, we chose to interpret "approach thrust" as the instantaneous 
thrust setting. 
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3 - Percent airspeed margin relative to minimum airspeed 
at maximum thrust: 


4 . 


V - V mlnm 

V • 
v min m 

Absolute airspeed margin relative to minimum airspeed 
at maximum thrust: 



V - > 20 kt 


5 * Instantaneous vertical gust margin at approach thrust: 


V sin (a, - a) > 20 kt 

v max ' — 


In effect^ these criteria combined to form an operating envelope in 
terms of any three independent flight condition variables (e.g., 9, V, and 
a); or, if constrained to steady unaccelerated flight; any pair of inde- 
pendent flight condition variables (e . g. ; V and a or V and 6 ) . We shall 
make use of these relationships shortly. 

In addition to the above safety margin criteria; we must also mention 
the flight path control power criteria because they were included in our 
consideration of a design example. Simply stated; Ref. 1 suggests that 
for any specified nominal operating condition (normally in terms of V and 
7); the aircraft shall be capable of an upward flight path angle increment 
of 4 deg or level flight; whichever is larger, and a flight path angle 
decrement of 4 deg. Hence, if the aircraft were to operate at 65 kt on a 
nominal 7*5 deg glide slope in headwinds from zero to 35 kt, it must have 
a flight path angle capability of: ' , 


7 * < 

min — 


- 7-5 - 4 


-11.5 deg 


and 


7 max - “ 35 /^ 5 ) + k = +.5 deg (> level flight) 
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B. COCKPIT EJSTRUMEITC DISPLAY COMCEPTS 


It was convenient to employ two display concepts in the implementation 
of a safety margin system. One was nsed as an object to track in either 
a manual or automatic mode, and the other was used in a monitoring role. 

1 . Plight Reference (FR) 

In conventional aircraft, airspeed is normally regulated in order to 
maintain adequate margins; however, as discussed in Refs. 1 and 4 -, powered- 
lift aircraft require a more general label for the variable to be regulated. 
The variable could be airspeed, angle of attack, pitch attitude, or a com- 
bination of each. Hence, the term "flight reference" was used as a general 
term to describe that quantity which is actively regulated to maintain a 
given flight condition. This concept was originally proposed for use in 
Ref. 7 , and adopted by the PLSDWG. 

2 % Safety Reference (SR) 

The "safety reference" was a newly defined term (as opposed to FR) to 
represent a displayed quantity to be primarily monitored rather than tracked 
or regulated as the FR. 

An example of an SR could be an angle of attack gauge monitored only 
to detect proximity to stall (while the airspeed indicator would represent 
the FR which was actively tracked). 

The concepts of FR and SR apply to both manual and automatic operation. 
In the ease of an autopilot, the FR would be the outer loop variable regu- 
lated by the autopilot and the SR would be whatever the pilot actively 

t 

monitored for an indication of safe operation. 

Under some conditions, FR and SR could be one-in- the- same, for example 
indicated airspeed frequently serves both purposes in conventional aircraft. 
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C. SAFETY MARGIN SYSTEM IMPLEMENTATION CONCEPTS 


1 . Safety Margin System 

We shall "use the term "safety margin system" to describe the specific 
implementation of a flight reference and a safety reference. The purpose 
of such a system is to provide for safe' manual or automatic operation while 
simultaneously serving as an aid to maintaining a given target operating 
point or flight condition. 

2, Dynamic Safety Margin 

The dynamic safety margin (DSM) is the true, instantaneous, critical 
safety margin as defined by any given set of safety margin criteria. If 
the individual criteria are represented by the set [DSM^, DSM,, . .. DSM^], 
’then the “DS M eq uals the m nimum numerical member ofVthe set, i.e.: 


DSM = min(DSMj , DSMg, . . . DSM n ) 


In this study we found that only two safety margin criteria applied to 
the airplane example used*, the absolute airspeed margin relative to mirn.rmm 
airspeed at maximum thrust and the instantaneous vertical gust margin at 
approach thrust. Hence, 


DSMj = 


A 7 ~ 


20 kt 


100 # 


and 


a a „ - a 

A max _____ 

kt 


ISM 2 * —— VO 
sin 1 — 


The combined minimum allowable margin (DSM = 100#) is plotted in Fig. II-1 
for the powered-lift airplane example used in this study. 


* Nevertheless, the other margins were computed during the simulator 
experiments in order to monitor and thus verify their insignificance. 
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5. Static Safety Margin 

The term static safety margin (SSM) is a general term which applies to 
mappings of any pair of state variables into a steady state safety margin 
for the purpose of forming a flight reference or safety reference. The 
7 - V plot of dynamic safety margin in Fig. II-2 could be, for example, 
conformally transformed into SSM as a function of (V and 7 ), or (V and il^), 
or (0 and ) , etc. Figure II-3 shows a static safety margin as a function 

of v and 6 (or SSM^. 0 ). 

If we were to consider the five directly measurable variables 0, IT , V, 
a, and h we could formulate | ^ , i.e., ten safety margin schemes, namely: 


SS \ 


Hi 


'H 


SSM, 


B,V 


SSM 


"0, a 


SSM, 


B,h 


The significance of a static safety margin formulation is that only two 
input variables are required compared to three for the dynamic safety 
margin (V, a, IT^) . Also, the static safety margin, by definition, equals 
the dynamic safety margin in 1 g steady flight. Without careful examina- 
tion, the unknown aspect is how useful a particular SSM is under non-steady 
conditions. This was the subject of much of the analysis effort and some 
simulation. 

1}., Lift -Margin 

Another safety margin system concept is lift margin; (SMlTIJjift margin 
refers to the capability to produce a given level of normal acceleration 
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"by increasing pitch attitude up to the point of a .It involves angle 
of attach margin combined with the ability to produce lift by increasing 
angle of attach. 

A lift margin criterion was not included in the list of criteria 
composing dynamic safety margin but could be, if desired. In this study 
lift margin was considered as a separate possibility for a safety margin 
flight reference. Its main advantage was that it consisted of a continuous 
function compared to the aforementioned multifunctioned dynamic safety 
margin or static safety margins. A y - V plot showing a steady state contour 
of constant lift margin is shown in Fig. II- 4. 


TR 1095-1 


15 



TR 1095-1 



SECTION III 


ANALYTICAL INVESTIGATION 


A large number of possible ways of implementing a safety margin system 

exist even, though the safety margin^ criteria are specific inj ber ms of - 

the allowable^ flight envelope . The first possibility considered was, of 
course, use of the dynamic safety margin itself as a flight reference. 

There was also a large number of static safety margin combinations which 
were attractive from the standpoint of minimizing the sensed states and 
therefore minimizing sensor hardware. Finally, there was a possibility 
of using lift margin as the basic flight reference although it would require 
a reduction in available flight envelope. 

For each safety margin system implementation possibility it was neces- 
sary to consider at least two flight conditions, a high thrust condition 
for which airspeed margin was critical and a low thrust region for which 
vertical gust margin was critical. In all, 23 separate safety margin/f light 
condition combinations were analyzed prior to the experimental phase. 

In this section we shall first present the analytical approach used to 
perform the system analysis on the large number of possibilities. Next, 
we shall present the results of this survey of implementation concepts. 
Finally we shall discuss the implications of the analytical investigation 
for the subsequent experimental investigation. 

A. ANALYSIS APPROACH 

The systems analysis which was carried out to survey the large number 
of Implementation possibilities made full use of the multiloop analysis 
methods described in Ref. 8. Further simplification of analysis methods 
was obtained using the .simplified longitudinal equations ofmotion described 
in Ref. 4. The primary advantage in these multiloop analysis methods was 
that they 'revealed characteris ti cs of a "closed-loop ’system j'rLirhput_ unneces- _ 
sarily complex computation. Since the flight reference system involved 
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outer loop regulation, it was generally convenient to assume that pitch 
attitude was well regulated. Also, because flight path, like flight 
reference, was regulated by an outer feedback loop, it was desirable to 
look at the pilot-vehicle dynamics with and without flight path regulation. 

The major considerations in our analysis of various system concepts 
included the following: 

© Controllability — manual or automatic 

© Effectiveness in maintaining margins 

© Indication of margin status 

© Compatibility between manual and 
automatic operation 

© Ease of implementation — hardware and 
software . 

Some of these items could be assessed directly from appropriate transfer 
function relationships, in particular the first 'three. Compatibility 
between manual and automatic operation was addressed by striving for a 
system in which the automatic mode could mimic manual operation, i.e., the 
autopilot feedbacks and gains would be similar to those of a pilot. Ease 
of implementation was evaluated subjectively in terms of” sensor and computa- 
tion requirements necessary for implementation in an operational system. 

* 

A number of the closed- loop transfer functions which were considered 
in our systems survey are listed in Table III-1, along with comments on 
their specific value. Features of particular interest included direct 
control response, i.e., FR/9 command, cross- coupling effects between the 
flight path and flight reference loops, gust response effects, and per- 
formance in terms of safety margin regulation. 

The analytic approach centered around pitch-attitude-constrained 
equations of motion because of the greatly reduced complexity with virtually 
no compromise in computational accuracy in the spectral region of interest, 
i.e., below 1 rad/sec. 
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TABLE III-1 



LIST OF FEATUEES CONSIDERED IN 
THE SAFETY MARGIN SYSTEM SURVEY 


1 . 


Direct Controllability 

Response of flight reference., FR, to pitch attitude, 6 


FR 

e 



A 


or, if a flight path loop is closed (d - > » 5): 


FR, 

0 


d->5 


■f 

a * % »8 


The multiloop analysis notation is explained in Appendix B, however, 
a concise definition of symbols is. 


A 


N, 




5 k 


A 

A 


= 

^ * 

X i A 


characteristic polynomial 
control or gust numerator 

control or gust coupling numerator 
loop gain and associated compensation 


transfer function between 5, and x 

k i 


= transfer function between S, and x with the x loop' closed using 6. 

** 3 


X J^ S £ 


where x^,x^ are dependent variables 

and Og are independent variables, i.e., control or gust inputs. 


(Continued) 
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•msm iii-i 


(Continued) 


2. Cross Coupling Effects 

Response of flight reference to throttle, 6, compared to response 
of dynamic safety margin, ASM* 


TO 

6 


If 6 * 

W S - . DSM “5 

compared to — — - =* 

A 6 A 


and, the response of flight path to throttle if flight reference 
is regulated- 


_d 

5 


FR-*-0 


5. Response of flight reference to horizontal and vertical gusts, u and v • 

§ & 

TO _ _^g TO _ %g 
U g A ’ W g A 


or, if a flight path loop is closed: 


TO 


, ■g + vg; 

d->6 A + Y d K S 


similarly for v . 

6 


r xtf 0? 

Sgs is JOOR 


(Continued) 
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'CABLE HI-1 (Concluded) 


4. Safety margin status given "by flight reference: 


Ml Hi conroared to: 
u ' w_ ' 6 


DSM DSM ISM , - 

— > — > -R- , respectively 

g g 




5 . Closed loop regulation of dynamic safety margin performance with flight 
reference loop closed. 


DSM 

u_ 


■r 


* \ ~<r<L 


FR->-e 


1 + 


Y tP* 
ER 8 


where the term: 


1 - 


<»T 


is an indicator of effectiveness of DSM regulation. 
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.Table III-2 summarizes the key relationships used which are based on 
(i) basic aircraft equations of motion, and (ii) a linearized general flight 
reference equation. The elements of (i) and (ii) are combined system 
equations of motion from which important transfer functions are derived. 

It is important to recognize that only a few system parameters are involved: 


Aircraft parameters consist of the dimensional stability 
derivatives : 



and V~ 


Flight reference parameters are: k , k , k* 1 , k^, and k 0 

u' \v e' 6 


As shown in Ref. 4 the above aircraft parameters are relatively invariant 
for powered-lift aircraft, and the Augmentor Wing airplane is, hence, 
representative. The flight reference parameters depend upon specific safety 
margin criteria and implementation concepts as we shall describe next. 


B. SURVEY OF ZMPIEMSmn?I0H' r C0H3EPTS 


The survey of implementation concepts was carried out to establish 
likely system candidates which would then be examined on the simulator. 

It is important to note that this survey did not directly provide the 
system ultimately recommended, but it did serve as an instructive exercise 
which led to a useful simulation effort. The survey began with considera- 
tion of the dynamic safety margin (DSM) as the flight reference, but certain 
undesirable features prompted further study of alternatives. One large 
group of alternatives consisted of the various static,* safety margin (SSM) 
combinations. These were attractive because they offered the potential 
for operating at the minimum allowable safety margin at least for steady 


* The derivative represents the effective heave damping when the 
elevator is used to balance the pitching moment equation. 


Z t £ 

w 


Z 


w 


\^e)~ » 
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TABLE III-2 


SUMMARY OF FLIGHT PATH/FLIGHT REFERENCE DYNAMICS 

AIRCBAFT EQUATIDN3 OF 1OTION 


s - X X 
u w 


- Z‘ 


fc - «) 


-z -z c 


•s -X 


0 +z 


FLIGHT HBJEHEKCS EQUATION 


FB = k u u a + k w w a + kjd + k 0 0 + kgS 


COMBINED AIECBAFT AUD FLIGHT REFERENCE EQUATIONS 


' S - X u x w 

- 

0 

u 

a 


>.-«) 

y 

r i 


-s 

-X 

w 

/ 

Z u ( s “ \) 

0 

d 

= 

- Z a 

“ Z 6 

0 

+ 

0 

+z 

w 


- k u - V 

1 

?H 


(k 0 + kv) 

k 6 

5 


0 

-k 

vr 

a W 8 


-1 

L J 


~ 

_ 







AUXILIARY HEIATIQNB HIPS 


w = w - w 


A w 

V a 


a = V 0 - v 


T 4 


7 - V SLOPES 


EEPRODUCIiiL ATY OF THE 
ORIGINAL PAGE IS POOR 


du 

3r 


TlP" 

9 5 


FR 


jjFR d: 
e 5; 


(k 9 + y)(y s - y 6 ) + (\ - fc d )B& - Myril ~ *5 * z „ 

-\ [x & z w ~ V x ,- ' f >1 + + T^Vs * W + *b [Z J X W " f> * \ Z -J 


Se 

3? 


FB 


VBf 


jr® d 
5 0 


s=0 


k A Z 5 - Vg) + < k W - " Z 5 X u> * k 8 ^ X u 2 u - Z uV 

- f> Z S - Z w X 5 l + <T “ Z &V + k 6 t X u Z u * Z « < X W * 
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TABLE 111-2 (Concluded) 


JKAHBi'SH FUNCIIOHB 


s 2 i (-vy s+ ¥„. Vu = fs+ ^x s ^) 


N 6 = - Z 6 


[*-*»*^] 


C = y (X a - e)s + + < k w - k d>f Z a (s - x u> 4 fr a ' + (k e + k „ V )fr s " x u >fr - z „) - 

ir f = w s - v + yg + fr w - k d>fr s fr - v + wj - vfr - v (s - v - yg 

C 8* = fr w - k d)fy tt - 2 S fr a - S>] + fr 9 + V)P»(“ - V * VJ - k S [fra - + eZ„] 

8 = W. ' V X a - g)] - (k O * + z 6 (s - V 1 * -yfrcc. - e)Z u + Z a (s - X tt )] 


-Vfr - v - w - \ v 


,_FR d 

J '%5 = W-Vu" 


T?TJ , A. Z> 

Bw, = - k r afs .X)-iXs + Ii;z(s.I ,- -S-S) 

£ r. U/ ttV d w' U Z ' 


RESPRO T ‘t T Cr r,T I TTY OF THE 
ORJUiuAu FAGjii lb POJB 
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state conditions. In addition, a lift margin (iM)-based flight reference 
was considered although it involved a loss of available flight envelope. 

In the following pages we shall present the results of the survey of 
the above-mentioned implementation concepts beginning with a flight refer- 
ence based on the dynamic safety margin, i.e., FR[DSM] . 

1 . Flight Reference Based on Dynamic Safety Margin 

The most direct solution for a safety margin system was considered to 
he a flight reference exactly equal to the dyn ami c safety margin. The 
advantages were that (i) true safety margin status would be displayed on 
the same symbol which the pilot or autopilot tracks and (ii) the full 
flight envelope potential would he realized. In effect, the DSM represented 
an ideal. The question which was addressed in this study, however, was 
how serious would he the disadvantages in other features, especially 
controllability and the cross coupling interactions with the flight path 
loop. 

Table III- 3 gives a functional definition of FR[DSM] as implemented in 
the MSA Augmentor Wing airplane simulator model. Figure III-1 shows the 
steady state 7 - V trajectory corresponding to DSM equal to 100$. 

The upper portion of the 7 - V curve was referred to as the high -thrust 
condition and involved that portion of the DSM corresponding to constant 
airspeed. Tracking the flight reference in this region -was equivalent to 
tracking indicated airspeed except for the change in scaling (the target 
FR was 100$ or V = ^min m + 20 kt = 64 kt; and + 1$ FR corresponded to 
+.2 kt) . 

Similarly, the lower portion of the 7 - V curve was referred to as the 
low thrust condition. The DSM in this region corresponded to a constant 
vertical gust margin or a nearly constant 'angle of attack. (For an airspeed 
of 70 kt, 100$ DSM corresponded to an angle of attack margin of arcsin 
20/70 = 16.6 deg.) 
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TABLE III- 3 

DEFINITION OF FR[DSM3 


fr[dsm] = DSM 

= min (BSM^ , DS}^) 

V - V 

where DSJL = 100# x — 

1 20 kt 

and = 100# * 

sxn — — 

For the KASA Augmentor Wing airplane with 

W = iK>,000 It 
6 f = 65 deg 

5 v = 70 deg 

at sea level, standard day conditions 

V = 4k kt 
rain 

a max (deg) = -It. 466 - O 5953 V(fct) + 0.00331 6 V^(kt) 
* 0.9773 N (#) - 0.003236 it (#)* 

H 


* The a function shown is fitted to a KASA- supplied plot of 
max 

a max versus non-dimensional blo^nng coefficient* 


TR 1095-1 


26 



TR 1095-1 



“12 


- V Curve Showing Steady State Trajectory for DSM = 100# 


The first step in analyzing the FR[DSM] was to construct a linearized' 
small perturbation model of the flight reference and aircraft. For the 
flight reference: 


or 



V - V . 


min 


20 Ft 


ADSMLj = 5S&/kt Au a (kt) 


(Note that Au a is the airspeed perturbation.) 


and 


a -a 
max 


DSM 2 " 10 °* - . T20 » 


sm 


V 


or 


*““*> - ~ ^ f %TB 
sxn 


9a 9a 

-max A - — max A7vT A 
— - Au + — AFL t - Ac, 


2V 


a 


-2K 


■'H 


H 


+ 


dsm 2 


20 

V 2 


. -1 20 kt 
sm 


V 


1 - 


20 

V 2 


172 


Au 


a 


e.g., for DSM = DSM^ = 100$ (low thrust condition) 


7 = -7.5 deg 

V ■'= 68.3 kt 

and = 91 .69$ 

ADSM 2 = 0.68fo/kt Au a - b.9%/YA Aw & + 2.2 AH H 

If we define a general linearized form for the DSM to be: 

ADSM -- k* Au + ~kr Aw + kr AIL. 

u a w a S H 
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then at any high thrust condition (where speed margin is critical) it = 5$/kt 
and k^. = = 0, exactly. Correspondingly, at the specific low thrust 

condition considered above 

k* = 0.68^/kt 
k” = -4.93^/kt 
kg = 2 .2536/^ 

Note that for the low thrust condition k*_ 1 ~5$>/kt (100$ safety margin/20 kt 

vertical gust), dhe k* and k* are nearly negligible based on their relative 
influence on important transfer function quantities. It was possible, in 
fact, to show all important characteristics of the vertical gust margin 
critical DSM using k* = - 5 $/ kt and k* = kg =0. 

For the airplane dynamics, stability derivatives were obtained directly 
from the simulator model used in connection with the program. The deriva- 
tives for several important flight conditions are tabulated in Appendix A. 

The controllability of FR[DSM] through pitch attitude was judged with 
and without flight path regulation using the appropriate attitude-constrained 
transfer functions. The , results are summarized in Fig. III-2 in which the 
frequency response asymptotes are drawn for the amplitude of using 

D 

log scales . 

For the high thrust condition, where DSM is proportional to airspeed, 
the usual low frequency breakpoint corresponding to speed damping is evi- 
dent. As flight path is regulated, that breakpoint moves to a lower frequency 
but the essential control features are little affected. 

The corresponding plot for the low thrust condition shows a con- 
trolled element that is more nearly a pure gain, especially when the flight 
path loop is closed. One notable feature which does not show up in this 
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sketch, however, is a pair of complex zeros with low damping ratio for 
when flight path is not regulated: 


DSM 

e 


-6[0.2;0.33] 

(o.2)(o.36) 


($/rad) 


This pair of complex zeros could produce an oscillatory condition if 
FR[DSM] were tracked too tightly, and ItheoeoncLLtion is present whenever 
angle of attack or a variable dominated by angle of attack is controlled 
by commanded pitch attitude. This is easily shown by considering the 
approximate factors form of the appropriate numerator: 


f = 1 / = 
^0 v e 


S 2 - X s - | Z 
u V u 


Since X is typically small, the 
Hence, closing a tight loop on a 
damped closed loop system as the 
zeros - .' ' 

A cross coupling problem involving flight path and flight reference 
was anticipated based on the 7 - V curves for the airplane used in this 
study. The particular variety of cross coupling was the sense of pitch 
attitude change required to hold dynamic safety margin while making changes 
in flight path angle. We shall refer to this as 7 - 0 cross coupling. 

As illustrated in Fig. Ill- 3, for varying flight path angles in the 
high, thrust range ( 96 $ to 98 • 5 $ ) no pitch attitude change is required 

to maintain dynamic safety margin. We shall refer to this as neutral 
7-0 cross coupling. If operating at a lower thrust setting, say 9W° 


numerator damping ratio is also small. 

(a — >- 6 c ) could result in a lightly 
system poles migrate toward the numerator 


+ The following shorthand notation is used for ffrsf >ax& seossaS os^ssr 
polynomial roots: 

fa) (s + a) ; [{;,q] = + 2 £tos + 

t "Appro xima te factors" refers to the expression of specific transfer 
function quantities in terms of their dominant stability derivative 
factors. 
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Region of 
Heutral 7-0 
Cross Coupling 
(for upward 
correction, 
hold pitch to 
maintain DSM) 


Region of 
Adverse 7 - 9 
Cross Coupling 
( for upward \ 

correction, pitch ' 
down to maintain DSM) 



Region of Proverse 
7-0 Cross Coupling 
(for upward correction, 
pitch up to maintain DSM) 


Figure 111-3. Regions of Varying 7-0 Cross Coupling 


we then encounter adverse 7-0 cross coupling since a pitch down is 
required to hold DSM during an upward flight path angle correction. Finally, 
if we transition into the lower half of the 7 - V curve where vertical 
gust margin is critical, the cross coupling becomes proverse — an increase 
in 7 requires an increase in 8 to maintain DSM. 

We chose to study 7-0 cross coupling analytically by computing the 
0 time history for a given change in 7 in the presence of reasonable flight 
reference regulation, i.e., 

8 
7 


-Y H**® 
FR 5 


1 , 

V 


+ Y 

5 FR 5 0 / 


where 

FR 

= DSM 

and 

y 

FR 



@ no, 


' C FR 


O.15 rad/sec 


Figure III- 4 - shows how widely the e/7 proportion varies between holding a 
constant speed margin and holding a constant vertical gust margin. Accord- 
ingly, this represented a major area of interest for subsequent simulator 
experiments . 

The effectiveness in maintaining the safety margin by directly regulating 

dynamic safety margin was demonstrated by computing the maximum safety 

margin excursion in a steady shear (u = constant); no flight path regula- 

g 

tion was involved. The comparison was made against the case where pitch 
attitude was held constant. For an integral feedback and a nominal cross- 
over frequency of 0.1 5 rad/sec (based on prior simulator observations) we 
obtained the time histories 'Shown in Fig. III -5 • Depending upon whether 
the speed margin was critical (kf = +5$/kt, kf = 0) or vertical gust margin 
was critical (k^ 1 -5$/kt, hi = 0) the peak margin excursion was 10$ to 20$ 
for a steady 1 kt/sec shear with the margin excursion eventually washing 
out. Without DSM regulation the excursion ranged from 20 $ to 35 $ ^d the 
excursion persisted. Thus, the margin excursion was improved by about a 
factor of two . 
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l<60i HI 



Figure Pitch Attitude Required to Maintain 

FlighfcJ3eferen.ee During J. _.S ,tep Change in Flight Path 





(fo/kt/see) 



ADSM 

Au 

g 

($/kt/see) 

-10 



>DSM — >“0 C with. 
c» e = 0.15 rad/sec 


VERTICAL GUST 
MARGIE CRITICAL 


Rote : Step tailwind 

shear applied 


‘ 0 - constant 

c 


figure III- 5 . Effect of Regulating DSM 
on Reducing Safety Margin Excursion 
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In summary, the analysis indicated the following characteristics for 
a flight reference based on dynamic safety margin: 

ft Control varies from typical airspeed-like qualities 
to angle-of-attack-like in transitioning between 
speed- margin- critical and vertical- gust- mar gin- 
critical conditions — tight control is (difficult 
in either case. 

® When the airspeed margin is critical, an adverse 
cross coupling between 7 and 0 exists, i.e., a 
pitch down is required for an upward flight path 
correction. 

© Margin status information is correct because the 
flight reference is dynamic safety margin directly. 

© Nominal regulation of ISM improves safety margin 
performance . 

2. Flight References Based on Static Safety Margin 

A flight reference based on the static safety margin concept appeared 

« * t * 

attractive because it would require the use of two sensors at most rather 
than the three required for the dynamic safety margin. Also, full use of 
the allowable low speed flight envelope would be possible. Thus a survey 
was made to determine if any of the various static safety margin combina- 
tions would also prove attractive with regard to other requirements such 
as controllability and status information. 

The survey of SSM implementations was conducted using the same analyti- 
cal approach described previously for the DSM. Ten SSM combinations were 
considered, each at high and low thrust conditions. Many of the combinations 
were redundant, however. Consequently, only five high thrust conditions 
(speed margin critical) and seven low thrust conditions (vertical gust 
margin critical) needed to be analyzed. 

a. Determination of Static Safety Margin Dynamics . The first step 
was to determine linearized equations for each of the SSM combina- 
tions to be considered. The general procedure consisted of: 

given DSM(V,a,Nj|), 
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then the differential SSM(x,y) (where x and y are the static 
safety margin variables to be used) is simply 


ASSM(x,y) = 


Ax + 


dDSM 


y 


"5y" 


Ay 


for steady state conditions , i .e 1 g flight. The partial 
derivatives can be computed ~ directly .using steady state trim 
equations corresponding to the simplified longitudinal equations 
of motion. One simple formulation of the trim equations is: 

= .b ; 






" 

[1 

-X 

u 

-X 

w 

0 

u 

-g 


t u 

-Z * 
w, 

1 

W • = 

0 - 

*5 

-k* 

u 

-k* 

w 

1 

DSM 

0 

k* 

O 


i 


An alternative with d (or y) in place of w is: 

* ‘ * - 

= .0 


AX 

u 

X 

w 

0 

u 

< X a - «> 


Z 

u 

-Z 

w 

0 

d = 

Ju 

-z~ 

a 


-k* 

u 

k^ 

w 

1 

DSM 

K v 


. 


- 





The value of using equations such as those above was that it 
permitted static safety margin flight reference gains to be computed 
as explicit functions of aircraft stability derivatives (X^ X , Z , 
Z , and V) and dynamic safety margin flight reference gains 
(fcj£, k*, and k^). Consider the following example. 


Suppose that we desired to compute the linearized static safety 
margin coefficients for SSM(V,0), i.e.., ^DSmI 

terms of partial derivative notation: 


"cse" 


In 


u 


Sdsm 

du 


Sdsm 


d5 


|e 

du 

35 

0 
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Sblving for the numerators by forming appropriate determinants , we 
obtain 


Sdsm 
db " 



-X 

-X 

0 


r 




u 

w 



X 

6; z N \ 

k? 


-Z 

-Z 

Z = 

= XZ t 


z 



u 

w 

5 

w 5 

u X w ' 

X u 


0 





w 

V w ) 

5 


-k* 

-k* 

k~ 


- 


- 


u 

w 

6 






Su 


0 

Z, 


*5 


-X 


w 


-Z 

w 

-k* 

w 


0 

0 

1 


= xz e 

w S 


The partial derivative holding u fixed with 5 is: 


SdsmI 

c)0 


u 


0 

Z, 


k 6 


-X 


w 


-Z 


w 


-k~ 


w 


0 

0 


Z 6 g l k w " ' Z w Z 



Thus, 


SDSM 

du 


~ k = 
u 


X 

k* - ~ kf +i| 
u X w 
w 


X u Z w \ “B 

xr -K 


and 


Sdsm[ 

d9 


= k„ = 


u 


gZ k* 

_E_ k * 

X w X Z* 
w w 5 


By evaluating the above SSM gains using typical Augmentor Wing 
stability derivatives and the linearized DSM coefficients found 
previously, we could further simplify relationships: 
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Recall that for speed margin critical k* = 5^/kt (if and kg = 0) 
and for vertical gust margin critical k* = -5$/kt (k? and kg 
- aree smal l) ) « t 

In the following pages we shall not develop each static safety- 
margin in detail as was done for the V-0 combination;' it suffices 
to say that the same procedure applies Instead, -we’ shall, present, 
the numerical results finally obtained for each SSM possibility 
linearized at a high thrust condition and low thrust condition. 

The respective flight reference -gains are given in Tables III- 4a 
and III- 4b. Negligible gains are stricken with a diagonal line: /. 

Using just the tabulated flight reference gains from Tables III- 4a 

f . , 

and III-4b it was possible to reduce significantly the cases to he 
analyzed. 

Q For speed margin critical , any static safety margin 
involving airspeed was equivalent to the dynamic 
safety margin. 

© For vertical gust margin critical , all static 

safety margins involving vertical velocity, w (i.e., 
angle of attack) were equivalent and essentially 
depended '^only on k^. In turn, they were also 
equivalent to the dynamic safety margin. 

© Under all conditions , the static safety margin 
involving flight path angle and thrust was 
excessively sensitive and clearly unsatisfactory. 

(This was due to having an aircraft operating point 
at or near the minimum, thrust required. ) 
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TABLE III- 4a 


SUMMARY OF LINEARIZED SAFETY MARGIN FUNCTIONS 
(High Thrust Condition • — ■ Speed Margin Critical) 
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k w (£A*) 

k Q ($/deg) 
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(Low Thrust Condition — Vertical Gust Margin ^Critical) 
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Id. Analysis of Static Safety Margin Dynamics . The static safety margin 
evaluation process thus continued with an analysis of closed loop 
dynamics s imila r to those conducted for the dynamic safety margin. 

The linearized flight reference gains obtained previously were 
combined with the linearized airplane dynamics in order to study 
controllability, performance, and indication of safety margin 
status. In Table III-5 we summarize the potential for each of the 
static safety margin possibilities. For a more detailed treatment 
of the analysis of static safety margin dynamics the reader is 
referred to Appendix C. 

5. Flight Reference Based on Lift Margin 

The potential use of lift margin as a flight reference was studied for 
reasons previously mentioned. Lift margin was viewed using the same approach 
applied to other flight reference candidates (DSM and various SSMs ) and 
found to have certain interesting properties which would make it a safety 
margin system candidate if other means failed. 

Implementation of a lift margin function would involve a multi-dimensional 
function of at least airspeed, angle of attack, and thrust, and possibly 
pitch rate and elevator deflection. The function would -likely have no 
simple rational form such as DSM (i.e., the basic margin criteria) but would 
require either a look-up table or a fitted analytic formulation. The form 
of the lift margin function was not a subject of this study. 

The behavior of the lift margin was examined using linearized derivatives 
obtained from a lift margin routine implemented in the HAS A. Augmentor Wing 
simulator model. There was no significant variation in the lift margin 
partial derivatives over the expected range of operating conditions between 
7 - -5 deg and j - -7*5 deg. Representative values were: 

k^ A i .2$/kt 
k = -2.4^/kfc 
k 5 = -0,%/io 
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TABLE III-5 


SUMMARY OF STATIC SAFETY MARGIN ANALYSIS (APPENDIX C ) 


STATIC 

SAFETY 

MARGIN 

INPUTS 

SPEED MARGIN CRITICAL (HIGH THRUST) 

VERTICAL GUST MARGIN CRITICAL (LOW THRUST) 

SSM 

11 ,W 

Airspeed and 
Angle of Attack 

Equivalent to DSM — airspeed-like response, 
adverse 7-9 cross coupling. 

Nearly equivalent to DSM — lacks relatively minor 
effects of airspeed and thrust. 

ss \e 

Airspeed and 
Pitch Attitude 

Ditto 

Significant improvement in direct controllability and 
reduction of cross coupling effect in flight path 
response. Improvement in long term DSM regulation 
over 9 -fixed, but incorrect margin indication in short 
term. 

ss \d 

Airspeed and 

Flight Path Angle 
(or Vertical Velocity) 

Ditto 

Unacceptable control response — positive real zero in 
the flight reference numerator. 

SS \ B 

Airspeed and 
Thrust 

Ditto 

No direct indication of vertical gust component. 
An adverse cross coupling influence of thrust on 
flight path response. 

SS \e 

Angle of Attack 
and Pitch Attitude 

Better direct controllability than DSM, (but 
adverse 7 - 9 cross coupling still present). 
Incorrect indication of horizontal gust. 
Ineffective in regulating DSM. 

Nearly equivalent to DSM — lacks relatively minor 
effects of airspeed and thrust. 

SS \d 

Angle of Attack 

and Flight Path Angle 
(or Vertical Velocity) 

Essentially equivalent to SSM,. 

Ditto 

SS \,5 

Angle of Attack 
and Thrust 

Angle-of-attack like controllability (as m 
DSM). Large adverse cross coupling between 
thrust and FR. 

Ditto 

SS \d 

Pitch attitude and 
Flight Path Angle 
(or Vertical Velocity) 

Angle- of-attack- like controllability. Inadequate 
margin status information. Ineffective in 
regulating DSM. 

Same as high thrust condition. 

SSM 0,6 

Pitch Attitude 
and Thrust 

Excellent controllability — one-to-one \ri.th 
pitch attitude. No status information. No 
regulation of DSM. 

Same as high thrust condition. 

SSM d,6 

Flight Path Angle 

(or Vertical Velocity) 
and Thrust 

Unusable — too sensitive to thrust and flight 
path changes. 

Same as high thrust condition. 









































Based on the above partial derivatives, we found the controllability of 
lift margin to be essentially similar to angle of attack with the charac- 
teristically low damping ratio of the complex pair of zeros , i.e.. 
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Thus, it was considered to be equivalent to vertical-gust- critical DSM in 
this respect. 

The lift-margin-based flight reference was found to be effective for 
maintaining dynamic safety margin via an FR ■ 8^ loop closure. The key 

expression of closed- loop effectiveness introduced previously (and explained 
in detail in Appendix C), 


< M «f. 


was evaluated for a general flight reference involving u and w: 

*• - J * 

, J , 


i 4 


s s 2 - (x + Z ^ s + X Z - X Z ' 
, y V U -w} ' u. w w u. 
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S~ + | -X + T — -7: — - 

u \/k Vi 


gZ 

s M z + ™ ■ 
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' JThus,_for -lift margin, -k^/k^tA -2: 


1 _ ^ ^ M ^ i(o)(o.i5)(o.4o) 

‘"^DSM^FR [0.20;0.40] (O. 5 O) 

Ug Q 

Since this tends to be small compared to unity for frequencies below 
0.4 rad/sec we could expect the closed loop 'forklift margin regulation 
•to be comparable to that of direct DSM regulalnon. 
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The main shortcoming of lift margin was that it produced a distorted 

t ' I 

indication of safety margin — mainly, critical margins indicated low. 
This was determined by comparison of FR and DSM gust numerators: 

For speed margin critical, 





0.25(1 .1 ) 

( 0 . 5 ) 


i.e., the indicated margin change compared to the actual 
was 0.5 at low frequencies and O.25 at high frequencies 


For vertical gust margin critical 



ajt- sofss-- XX + ] 

w \ uu kh w j 



0.5(0.02) 

( 0 . 07 ) 


o.i4 


It was believed that lift margin could be of value only if switching between 
two margin criteria proved unsuccessful in simulator experiments . 


0. IMPLICATIONS FOR THE EXPERIMENTAL INVESTIGATION 

The survey of various flight reference implementation concepts thus 
described did not result in a list of candidates which were likely to be 
totally satisfactory in a safety margin system role. From the possibilities 
considered — dynamic safety margin, ten static safety margin combinations, 
and lift margin — none appeared to meet all requirements . As illustrated 
by the summary in Table III-6, good controllability could only be obtained 
at the expense of good safety margin status information or the ability to 
directly regulate safety margin excursions, and vice versa. In most cases, 
there was also a significant difference in characteristics when switching 
from the condition where speed margin was critical to the condition where 
vertical gust margin was critical. 
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REPRODUCIBILnY OF THE 
ORIGINAL RAGE IS POOR ' 


TABLE III-6 


SUMMARY OF THE SURVEY OF FLIGHT REFERENCE IMPLEMENTATION CONCEPTS 


FLIGHT REFERENCE BASIS 

BffLMENTATION 

CONTROLLABILITY 

STATUS INFORMATION 

MARGIN REGULATION 

DSM 

1 input 

Fair 

Ideal 

Good 

3 inputs 

Fair 

Ideal 

Good 

SSM 

1 input 

Fair 

Ideal 

Good 

u,w 

1 + input 

Fair 

Good 

Good 

SSM D 

U ; 8 

1 input 

Fair 

Ideal 

Good 

2 inputs 

Good 

Poor 

Fair 

SSM • 

Ujd 

1 input 

Fair 

Ideal 

Good 

2 inputs 

UnacceptableX 

Poor 

— 

SSM „ 

UjS 

1 

1 input 

Fair 

Ideal 

Good 

2 inputs 

Poor 

Poor 

— 


2 inputs 

Good 

Poor 

Nil 

W,9 

1+ input 

Fair 

Good 

Good 

SSM 1 
w,d 

2 inputs 

Good 

Poor 

Nil 

1+ input 

Fair 

Good 

Good 

SS %6 

2 inputs 

Good 

Poor 

Good 

1+ input 

Fair 

Good 

Good 

SSM e,d 

2 inputs 
2 inputs 

Good 

Fair 

Poor 

Nil' 

ss \ 5 

2 inputs 

Ideal 

Nil 

Nil 

2 inputs 

Ideal 

Nil 

Nil 

SSMt 

d,S 

2 inputs 

Unacceptable X 



2 inputs 

Unacceptable X 


— 

Ii'f 

3+ inputs 

Fair 

Fair 

Good 


— Indicates that no analysis was performed. 

The upper line of a table entry refers to an airspeed margin critical condition (high thrust) 
and the lower line refers to a vertical gust margin critical condition (low thrust). 
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The general implication of the analytic results was that there were 
some possibilities that should be evaluated, but they likely would not be 
suitable for use in a safety margin system without modification. Thus, it 
would be necessary to carry out development of flight reference schemes 
as part of the simulator experiments . 

Two flight reference schemes were considered to be worth exploring 
experimentally although neither was expected to be satisfactory without 
modification. These two were: 

© Dynamic safety margin 

® Static safety margin based on airspeed and 
pitch attitude. 

Dynamic safety margin was regarded as the most important scheme to 
evaluate on the simulator. It provided the ideal safety margin status 
information. Hence, regulation of safety margin excursions would be possible 
to the limit of manual or automatic controllability. In addition, we 
believed that it was important to establish the magnitude of likely con- 
trollability problems as DSM switched hack and forth between margin 
criteria. Also, we were not sure that DSM would alternate just be ween 
the two margin criteria believed most critical (20 fct speed margin from 
Vmin m and 20 kt vertical gust margin); the other three margin criteria 
mentioned in Section II .A might have unexpectedly come into play under 
non- steady conditions. 

Static safety margin based on airspeed and pitch attitude (SSM ) 
was the other flight reference scheme we considered worth investigating on 
the simulator. It offered the hope' of improving controllability when 
vertical gust margin was critical, although status information would he 
degraded. Most important, it was suspected that a u - 8 combination could 
he used to alleviate the adverse 7-0 cross coupling when speed margin 
was critical. Specifically, we envisioned a cross between a constant 8 
flight reference and a constant airspeed flight reference. 

Thus, as we shall discuss next, the experimental investigation began 
by exploring DSM, SSM Q , and subsequently variations of each. This ulti- 
mately led to development of a useful hybrid flight reference scheme 
involving DSM plus a linear function of pitch attitude. 
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SECTION IV 

EXPERIMENTAL INVESTIGATION 


The objectives of the experimental investigation were threefold. First, 
we desired to explore a limited number of interesting implementation con- 
cepts based on the results of the prior analysis effort. Second, we needed 
to investigate certain specific system features which could be of use in 
configuring and tuning a final solution such as adding pitch rate or pitch 
attitude compensation. Last, we wanted to set forth and test the most 
promising candidate for a final solution. Hence, the experimental effort 
was mainly developmental in nature. 

In the following pages we shall describe the experimental procedure 
and the results obtained from the various investigations. We will conclude 
hy presenting the results of the evaluation of a refined safety margin 
system design. 

A. EXPERIMENTAL PROCEDURE 

A 

The experiments conducted during this program involved manned and un- 
manned use of the S TO LAID airborne hardware simulator located at NASA Ames 
Research Center. This is a fixed base simulator of the NASA Augmentor Wing 
research airplane and its associated STOLAND system hardware. The latter 
is described in Ref. 9* The major components involved in the experiment 
are shown diagrammatically in Fig. IV- 1 . 

The simulator was used in a head-down IIS approach scenario. Approaches 
were made hoth manually and automatically through various wind profiles 
consisting of a combination of random and deterministic components. Runs 
started with the aircraft trimmed for descent on a 7.5 deg glide slope at 
approximately 2000 ft altitude and terminated at 200 ft. No configuration 
changes were involved. 

The specific loading configuration and atmospheric conditions used in 
this study were: 
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Figure IV- 1 . Simulator Block Diagram 











Weight 40,000 lb 

eg FS 541.2 

Flap Deflection 65 deg 

Nozzle Deflection TO deg 

Atmosphere. sea level, standard day 

Maximum engine rpm (for 5 this study) 9 8 . 5 $ 

Pitch, roll, and yaw SAS on 

The cockpit controls included: 

longitudinal control column 
Throttle 
Lateral wheel 
Rudder pedals 

The pilot employed a backside control technique in controlling flight 
path and flight reference, i.e., e^g 5^ and FR ^ 6 ^ . 

It was necessary to constrain the operational variables (configuration, 
loading, atmosphere, and piloting technique) in order to study the safety 
margin system features in an efficient and systematic manner. The effect 
of changing some operational variables was studied briefly and will be 
discussed in Section IW.F. 

The simulator wind model was the primary tool used for exploring safety 
margin system designs . The model itself and the procedure for using it was 
patterned after the simulator experiments reported in Ref. 10 which addressed 
wind shear hazard for powered- lift aircraft. 

The wind model consisted of a combination of random and deterministic 
components . The random components were computed using the standard* _ __ 
MIL-F- 8785 B Dryden model as described in Ref. 4. The level typically used 
was based on = 3 ft/sec. 

The deterministic wind component provided the main pilot-vehicle 
disturbance and was composed of a series of linear, time-dependent changes 
in longitudinal and vertical gusts . Normally, during a simulator run, the 
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deterministic wind component consisted of a profile such, as shorn in the 
following sketch; 



The main metric of gust severity was considered to be longitudinal gust 

2 

rate, that is, u . A magnitude of 3 ft/sec was regarded as relatively 
§ 

large based on Ref. 10, and, indeed, based on pilot opinion during this 
experiment. In general, the duration of wind shears was sufficiently 
long to allow for closed loop pilot response to flight reference error 
(13 to 20 sec). Only limited use was made of deterministic vertical gusts 
because the aircraft heaven -response was too rapid "to allow significant 
pilot regulation. The' random w "component provided the main vertical 
gust component. 

Three forms of data were acquired during the experiments including; 

© Analog strip chart recordings 


© Digital end-of-run printouts 
® Tape recordings of pilot commentary. 


The pilot tapes, transcribed after each simulator session, were regarded 
as the most valuable resource. The analog strip charts (3 recorders — 
40 channels) provided the most detailed account of simulator runs and 
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were monitored frequently during simulator runs. Table IV- 1 lists the 
strip chart recorder assignments. Digital printout was used to record only 
the simulator model variables which were subject to change from run to 
run depending upon the experiment. 

An on-line pilot control technique identification scheme was imple- 
mented in an attempt to correlate pilot commentary with measured pilot 
technique. It was of particular importance to obtain some quantitative 
measure of flight reference loop tightness in order to verify the prior 
analysis . Although a relatively low priority was put on development of 
such an identification scheme, a limited degree of success was obtained. 

The method used to identify pilot action consisted of (i) assuming a 
specific loop structure model as in Fig. IV-2 then (ii) solving for loop 
structure model parameters by a least squares fit of the simulator data. 

This was accomplished on-line in real time through use of a running least 
squares fit, i.e., continually updating the accumulated data. The method 
is similar to that described in Ref. if,. A summary of the on-line identifi- 
cation scheme is given in Appendix D . 

B. INVESTIGATION OF DISPLAY FEATURES 

The first step in the simulator investigation was to establish a 
display format which would serve throughout the remainder of the experi- 
mental program. 

1 . Flight Reference Indication 

As a starting point, the flight reference was assigned to the S TO LAI® 
EADI speed error indicator. This consisted of a diamond symbol moving on 
a vertical scale as shown below: 
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TABLE IV- 1 


STRIP CHART RECORDER ASSIGNMENTS 


VARIABLE 

RANGE 

VARIABLE 

Altitude (cyclic) 

0 to 250 ft 

Flight Reference Standard Deviation 

Altitude Rate (cyclic) 

+ 25 ft/sec 

Flight Reference Mean 

Angle of Attack 

-20 to +30 deg 

Safety Reference Standard Deviation 

Column Displacement 

-5 to +5 deg 

Safety Reference Mean 

Longitudinal Gust 

+ 50 ft/sec 

Lateral Displacement 

Glide Slope Error 

+ 5 deg 

Flight Path Angle 

Vertical Gust 

+ 50 ft/sec 

Lateral Path Angle 

Engine RPM 

75 to 10056 

Localizer Error 

Equivalent Airspeed (cyclic) 

0 to 50 it 

Heading 

Pitch Attitude (cyclic) 

+ 5 d&B 

Yaw Rate 

Safety Reference Index 

± 5 

Roll Attitude 

Safety Reference (cyclic) 

25 to 75* 

Roll Rate 

Plight Reference Index 

+ 5 

Pitch Loop Gain 

Flight Reference (cyclic) 

25 to 75* 

Integral Flight Reference Gain 

Dynamic Safety Margin Index 

+ 5 

Flight Reference Error 

Dynamic Safety Margin (cyclic) 

25 to 75* 

Pitch Attitude 

Lateral Gust 

+ 50 ft/sec 

Control Column 

Wheel Deflection 

+ 12.5 deg 

Glide Slope Error Gain 

Distance from Glide Slope 

+ 125 ft 

Glide Slope Error 

lift Margin 

0 to 1 g 

Throttle Deflection 
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RflHGE 
+ 50* 

+ 50* 

± 5»* 

± 5<>jt 

+ 500 ft 

-20 to +5 deg 
65 to 115 deg 
1 5 deg 
65 to 115 deg 
+ 25 deg/ sec 
+ 25 deg 
+ 25 deg/sec 
+ 0.5 deg/deg 

+ 0.05 deg/^-see 

± 50 * 

+ 12.5 deg 
+ 5 deg 
+ 12.5*/deg 
+ 2.5 deg 
+ 12.5* 



AIRFRAME/ 


AUGMENTATION 







This had the obvious advantage of maintaining the same function, for this 
part of the display as with the original STOIAND system. 


The scale markings on the EADI could not be arbitrarily set because 
they were drawn by hardware circuitry rather than by digital computer 
program, software. Thus, two scalings were considered: 


I50$r- 


200 $ 



100 $ 


and 


100 $ 


2 in 


50$ 



The more sensitive scale on the left corresponded well to the original 
STOLAI'ID speed 1 error scale which was + 10 kt. (Recall that in the airspeed 
margin range + 50$ of safety margin corresponds to + 10 kt. ) In contrast, 

the scale on the right presented a greater' range which included zero 

margin — clearly more desirable if large margin excursions were likely. 

Two pilots evaluated the scaling alternatives and considered hoth to 
be acceptable. The + 100$ scale was preferred by the pilot having no 
prior experience using the ST0LABD displays. The other pilot found that 
the increased sensitivity of the + 50$ scale aided in easier detection of 
small margin changes and rates of change. Further, it was discovered that 
margin variations in excess of 50$ were -unlikely. The sensitive scale was 
finally selected as the better alternative. 

2. Safety Reference Indication 

The next display format feature established was the safety reference 
indication. The two possibilities considered were (i) to have an SR symbol 
moving on the safety margin scale along with the FR hug, or (ii) to have 
the SR symbol represented as a kind, of floor with respect to the FR hug, 
i.e.. 
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FR 


SR (relative to 
scale itself) 


(i) 



In the second case, the SR symbol could be viewed as a shrinking or en- 
larging -of the bottom of the vertical scale. Hence, even if the FR bug 
indicated 100$, if the SR line moved upward from the bottom scale mark it 
would indicate a lessening of actual- safety margins. Conversely, if it 
moved downward it would indicate an actual safety margin in excess of 
that indicated by the FR. 

The simulator evaluation of these two cases led to the adoption of the 
second. The SR line near the bottom of the scale was preferred because it 
was far enough removed as to not interfere with the FR bug yet was close 
enough to monitor 'easily. Also, since the SR line was placed relative to 
the FR bug (the indicated SR was the distance between the line and the bug) 
the line did not move radically as long as the FR corresponded well to the 
actual safety margin. 


3. Flight Reference Status Lights 

Another display feature adopted was a pair of lights immediately to 
the j left of the FR scale (normally used as marker beacon lights) which 
indicated the status of the FR, i.e., whether it was operating in the high 
thrust region or the low thrust region. It was believed that such informa- 
tion could be of value if any significant adjustments in control strategy 
or technique were involved. As the simulator experiments progressed the 
flight reference status lights did, in fact, prove to he a useful feature 
and were adopted as a part of the final safety margin system configuration. 


i 
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4. Other Features 


Miscellaneous other features incorporated into the EADI display format 

were: 

© Engine rpm (digital) 

© STOLAND flight path angle bar 
© Maximum, available flight path angle bar. 

The overall display format is summarised in Fig. IV- 3* 

C. PRELIMINARY EVALUATION OF SAFETY MARGIN SYSTEM CONCEPTS 

Several relatively complete safety margin system packages were investi- 
gated experimentally. This was done to explore concepts within the full 
context of FR switching (high thrust region versus low thrust region) and 
auxiliary use of the SR. The results of these studies formed the main 
foundation for the refined system ultimately tested and described in 
Subsection F . 

Two basic flight reference schemes were involved, but several variations 
of each were tried. The two basic flight references were: 

© fr[dsm] 

© fr[ssm^ 9 ] 

The first of these was based on dynamic safety margin and was considered 
important to test because of its directness . At the same time, based on 
analyses, the FR[DSM] appeared to have potential controllability problems 
which deserved experimental verification. 

The second basic flight reference scheme tested, FR[SSM 1, repre- 

^ * xl, y 

sented a system which had good controllability potential but possible 
problems in providing status information — - the converse of the FR[DSM] . 

The variations which were applied to the two basic flight reference 
schemes included: 
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Airspeed (kt) 

High Thrust 
Reference (amber) 


Safety ( 

Margin . 

Scale 

(100 $> + 50$) 


vo Reference (green) 

Plight Reference 


Safety 

Reference 










Q 


Addition of a safety r efe rence for, enhanced s afety 1 . 
margin sta tus information . . 

9 Addition of pitch rate equalization for improved 
contr ollahili ty . 

These variations involved minor changes in the system logic hut had the 
potential for large differences in pilot perception. Therefore., they were 
evaluated within the context of the overall safety margin system as opposed 
to the design adjustments described in the subsequent 'Subsection IV. D . 

1 . Evaluation of FR[DSM] 

A safety margin system comprised only of a flight reference based on 
dynamic safety margin was evaluated and found fo be an effective system 
except for some anticipated controllability aspects. 

The FR[DSM] was studied on the simulator by adjusting the mean headwind 
to obtain initial operating points for the conditions of speed margin criti- 
cal and vertical gust margin critical — normally 20 kt and zero, respec- 
tively. Wind shears were introduced to sometimes produce excursions hack 
and forth between the two critical margin conditions and sometimes remain 
within one critical margin condition. 

Based on the analytic -results, we expected to find manual controllability 
problems for both DSM margin conditions . Recall that for speed margin 
critical, control of speed margin involved adverse y ~ cross coupling. 

Also, control of vertical gust margin involved the possibility of an 
oscillatory tendency if controlling too tightly. Only the former problem 
appeared to he of any magnitude. 

On the matter of adverse 7 - 0 cross coupling, the main evaluation 
pilot believed that 7 - 8 ‘cross coupling should he proverse or, at worst, 
limited to zero. That is, no downward pitch correction should be required 
to hold flight reference when making an upward flight path correction. 

(This belief may have been compounded by the presence of strong proverse 
7-0 coupling when vertical gust margin was critical. ) We should add, 
however, that two other pilots who viewed FR[DSM] briefly did not express 
concern ’Over the adverse 7-0 cross coupling, nevertheless, this feature 
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was identified as one for which a remedy should he studied. This is 
addressed in Subsection D. 

Controllability of the angle- of- attack- like dynamics when vertical 
gust margin was critical was found not to be the problem anticipated. All 
three pilots evaluating this system restricted their loop crossover fre- 
quency to approximately 0.1 5 rad/sec. This appeared to provide them with 
an acceptable level of flight reference (and safety margin) precision in 
even the largest shears encountered, thus an overcontrol tendency was not 
observed. One pilot hypothesized that the angle-of-attack-like flight 
reference may have been more acceptable because of the strict exclusion 
by the DSM of low airspeed, extreme backside operation at higher thrust 
settings. 

In general, control of the Fr[dSm] required fairly long term regulation 
involving initial correction then eventual cross-checking. Hence, it was 
not regarded as a particularly low workload task even though the specific 
controllability features discussed above were not as severe as anticipated. 
There was, therefore, some interest in pursuing flight reference configura- 
tions with improved control response. 

There was direct evidence that the pilot was regulating dynamic safety 
margin during sustained wind shears. As shown in Fig. IV-lj-, he was able 
to arrest the change in DSM produced by a long term u , and, in fact, had 
to stop the DSM excursion in the opposite direction when the shear stopped. 

It was difficult to obtain statistically significant safety margin 
precision measurements in order to compare FR[DSM] effectiveness with other 
flight reference schemes. Therefore, we had to rely on a combination of 
analysis and simulator measurements as the main indicator of potential 
safety margin precision. Consequently our summary of results may sound 
qualitative . 

The reason for difficulty in measuring statistically significant 
precision directly was the relatively small data sample which could be 
obtained within the scope of this program and the involvement of primarily 
only one pilot. Although discrete, deterministic wind shears were used 
as the primary disturbance forcing function, there was considerable 
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Figure IV- If 


Illustration of DSM Regulation in Sustained Wind Shears 



randomness in the resulting safety margin excursions . Part of the randomness 
was due to the low level superimposed random turbulence , and part was due 
to randomness associated with pilot action in controlling flight path. 

Because of the limited sample of data, the procedure for estimating 
potential effectiveness of any flight reference was (i) to use the pilot 
loop gain measurements to establish approximate crossover frequency ranges, 
then (ii) to infer the effect of such crossover frequencies from the simple 
closed loop models used in the system analyses . 

For FR[DSM] the above procedure led to direct use of the closed loop 
responses shown in Fig. III-5 of the analysis section since measured 
crossover frequencies were approximately 0.1 5 rad/sec. In fact, in the 
case of FR[DSM] a fairly strong closed loop effect was evident in the 
simulator data and fair direct comparison with analytically modeled response 
was possible. 

One feature of FR[DSM] which could not be handled well analytically was 
the action of DSM switching back and forth between speed- mar gin-driticalf. 
and vertical-gust -margin-critical conditions. All that was known was that 
a common set of feedback gain and compensation could be used in the autopilot 
loop without a significant variation in crossover frequency even though the 
controlled element dynamics were varying between airspeed and angle of 
attack. 

The simulator evaluation showed that the effect of DSM switching did 
not, in fact, present any particular problem. The pilot claimed that the 
flight reference status lights (Section IV .B. 3) may have contributed to his 
impression of the smoothness in switching. 

2. Evaluation of FR[SSM u g ] 

A safety margin system composed of a flight reference based on static 

* i _ 

safety margin was evaluated to examine its anticipated improved con- ' . 
trollah ility over FR[BSM'] hut' degraded 'safety margin status- information. 
Because this scheme was equivalent to dynamic safety margin with speed 
margin critical, the nominal operating point evaluated corresponded to a 
low thrust condition, where the vertical gust margin w as c ritical-. 
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Controllability of FR[SSM ], by itself, was preferred over FR[DSM] . 

Tbe pilot noted that smaller pitch attitude excursions were made when 

tracking FRfSSM^ ], and that these smaller excursions seemed to have a 

favorable effect on flight path tracking. This appeared to reflect the 

difference in 7/ S response with FK regulated which is discussed in the 

analysis of SSM _ . 

u,e 

The FR[SSM ] did not provide good DSM status information as predicted, 

I Xy Q 

but this shortcoming was not readily apparent to the pilot without careful 
examination of FR response to known wind profiles and to throttle inputs. 

A better evaluation of this feature was made when a dynamic safety margin 
was provided in the form of a safety reference (to he discussed subsequently) . 
The main lesson learned was that, without a direct reference, the pilot 
cannot easily Judge safety margin status, per se. He is, therefore, likely 
to regard mistakenly his flight reference as safety margin status even 
though it might he inherently a poor indicator of such status. 

3. Evaluation of ER[SS1^ Q j] and SR[DSM] 

A safety reference was provided as an auxiliary display to the flight 
reference based on SSM in order to ■ give the pilot better safety margin 
status information. Thus, the pilot could track the relatively easy 
FR[SSM .] while monitoring the true SRfDSM] . This combination proved so 

Uj a 

incompatible that the effectiveness of both the FR and SR was cancelled. 

The problem in using this combination was that when a disturbance was 
encountered the short term responses of FR and SR were frequently opposite. 
This led to understandable pilot confusion, and the controllability 
advantage of FR[SSM J was effectively lost. 

This FR - SR combination supported the notion that if a safety reference 
is to he used , then the flight reference must correspond reasonably well. 

The implication is that the flight reference must he a reasonable facs imi le 
of dynamic safety margin if the latter is truly the quantity to he main- 
tained. This was the basis for the flight reference ultimately tried and 
described in Subsection F. 
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4. Evaluation of FE[DSM+f(e )] 

A flight reference was constructed using DSM as a basis and adding a 
component derived from pitch rate in the hope of improving controllability 
in the vertieal-gust-margin-critical region- The function was defined as 
shown in Table IV-2. Thus* in the steady state FR = DSM, but in the low- 
thrust region where vertical gust margin was critical, the linearized FR 
numerator was: 



? K . 


2 V 

s - X s 
u 


# z 
Y u 




4- k • s 
b 


= £ kr 
Y w 




! 

V 



In effect the low damping ratio in the control numerator could be artifi- - 

cially increased by the parameter k- . 

b 

The parameter k^ was adjusted so that the damping ratio of the numerator 
zeros became 0.7* The closed loop response, therefore, would always be 
well damped unless the pitch attitude itself was over controlled by the 
pilot and driven unstable. 


This flight reference was not readily discernible by the pilot from 
the basic PR[DSM], and his normal flight reference loop gain was unchanged. 

In order to produce noticeable degradation in controllability, the 

numerator zeros were driven into the right half plane by changing the sign' 

on k>. With the numerator damping ratio set to -.2 the pilot was able to 
b 

detect the oscillatory dynamics only if he intentionally tightened up the 
loop by increasing his control gain. 

For the system ultimately to he discussed under Subsection F, a nearly 

identical placement of zeros was used for with 1 vertical gust margin 

b 

critical, but the system was found significantly easier to control, and 
a much higher crossover frequency was used. It appeared, then, that in 
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TABLE 17-2 


BLIGHT 


Notes- 


REFERENCE BASED ON DSM AND f(e) 


FR = MTU (FR^ FR 2 ) 


where FR 1 = 


DSMj = 


V - V . 
mm 


20 fcfc 


FR 2 = BSMg + f(§) 


a - a 
max 


20 fcfc 


k • s 9 
0 


'H)H) 


1 ) If 9 is held fixed then PR = JDSM 

2) i/t.| and. l/T 2 set to nominal values of 
airframe l/T 01 and 1 /Tq 2 

3) determines damping ratio of Fit, 
numerator zeros. 
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the case of FR[DSM+f (0 ) ] the low bandwidth dynamics of the speed- margin- 
critical prevented the pilot from taking advantage of the improved 
vertical- gust- margin- critical 

y 

5. Evaluation of FR[DSM+f(e)] and SR[DSM] 

A brief evaluation was made using the previously discussed flight 
reference and a safety reference. Although there was no measurable improve- 
ment in controllability, we wanted to evaluate ' quantitatively the magnitude 
of disparity between FR and SR to find if even a small disparity were 

permissible. In the FR— SR case previously discussed (FR[SSM .], and 

11^ y 

SR[DSM] ) the difference was so large as to be clearly impractical. 

The finding was that the k*0 term amounted to only 10$ net difference 
between FR and SR. With this level the SR appeared to be a useful device 

*• 1 t 

for monitoring true safety margins while tracking a 'flight reference with 
slightly different dynamics. 

■ 1 • » ' | * 

6. Evaluation of a Flight Path Reference, 'GR (Gamma Reference) 

j * * 

A flight path reference indicating the available flight path angle 
capability, 7 , was added to the displays of FR and SR. The value of the 

GR display was to tell the -pilot how much flight path angle he could pro- 
duce with the application of maximum thrust at his present flight reference — 
in effect^cthethonsequenceseof 'beihgrtoo fast, or too slow. , 

The specific GR tested involved a simple steady-state functional rela- 
tionship between airspeed and thrust derived directly from a 7 - V curve. 

A more sophisticated implementation would have included the effects of 
non-steady gusts (e.g., a tailwind shear would reduce 7 ), however, our 

objective was only to find If an additional displayed parameter could be 
used in conjunction with the FR and SR. 

!o problems were perceived by the pilot. The display was easy to use 
hut was regarded as relatively unnecessary without the non-steady effect of 
wind shear noted above. 
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7* Conclusions from the Preliminary System Evaluations 

As a result of the foregoing experimental investigations several im- 1 
portant things were learned which, helped in the investigation of design 
adjustments and in configuring a refined system preparatory, to flight 
testing. 

© None of the systems evaluated were satisfactory 
without refinements . 

© The basic FR[DSM] was found to he the most suitable 
overall. 

® All the systems suf f er ecL_ from adverse yp- 8 cross 
coupling, and to rectify it would require a departure 
from the maximum allowable low speed flight envelope. 

© A safety reference was found useful, hut '-only if 
there was reasonable correspondence to the flight" 
reference . 

» The matter of switching between at least two DSM 
functions presented no apparent problem. 


D. INVE3 TIGATION OP PR DESIGN ADJUSTMENTS 

The objective of this line of experiments was to study possible methods 
for adjusting the flight reference implementation for improved eon-'^ __ 
troHability while maintaining reasonable status information. The main 
topic of study was aimed at alleviating objectionable 7-0 cross coupling. 
A subsidiary topic involved exploration of a lift- mar gin- like flight 
reference . 


1 . Alleviation of Adverse 7-9 Cross Coupling , 

in High Thrust Region 


One of the main objections in all of the basic FR schemes studied was 
adverse 7-0 cross coupling (nose down pitch when making an upward flight 
path correction) . Thus, it was considered important to devise a way of 
alleviating the problem. 
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Since 7 - 6 coupling was a built-in feature of the given aerodynamic 
configuration it was necessary to depart from the desired steady state 
7 - V trajectory, i.e., constant airspeed, and to approach a constant 
pitch attitude trajectory. 

Simply configuring the FR to follow a constant pitch attitude was 
believed unsatisfactory because it would (i) not offer any closed loop 
regulation of flight reference and (ii) not provide safety margin status 
information. Hence, it was necessary only to approach a constant 0 tra- 
jectory as a limit. This was accomplished by making the flight reference 
a linear combination of airspeed and attitude, i.e., 

FR = k Au + k^A0 
u a e 

where Au and A 0 were perturbation airspeed and pitch attitude . 
s* 

The airspeed coefficient k^ was fixed to maintain the correct sensitivity 
to horizontal gusts (5$/kt), and k Q was varied from zero to - Thus for 
k = 0 the basic FR[DSM] was represented. For k = - «> the FR corresponded 
to constant 0, hence without adverse 7-0 coupling. 

For a fixed operating point the pilot was asked to perform the IIS 
approach task in a variety of turbulence conditions and wind shears. The 
parameter k Q was varied from zero to - 20 ^/deg in decrements of 5 $/ deg. 

The results were : 

COMMENTS 

Changes in 9 required to track FR were so large 
that it interfered with flight path tracking. 

No' substantial alleviation in adverse - 7-6 coupling. 

Marginal — could begin to, neglect coordination 
-between- 8 - and throttle . 

Easier to track than -10^/deg and adverse 7 "- 6 - 
coupling reduced to the level of ambient noise. 

Too sensitive to pitch changes — might be 
susceptable to PIO. 


Zero 
-%/ deg 
-TO^/deg 

- 15 ^/deg 

- 20 ^/deg 
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The tradeoff from the pilot’s view was mainly between adverse 7-0 
coupling and excessive FR/b sensitivity. But one other factor was present 
although not directly observable — the degree of correlation between flight 
reference and safety margin. This last issue forced the tradeoff toward 
the lowest possible k Q . Hence , while the pilot preferred -15^/deg, a 
level of - 10 ^/deg was considered more widely acceptable. 

We should comment on the degree of generality of these numerical results. 
As for sensitivity to 9 excursions and corruption of safety margin informa- 
tion., the values of k mentioned above should be fairly .general. With regard 

u 

to reduction of 7 - e coupling, the numerical values of k. cannot be 

u 

generalized — they are dependent on the specific configuration considered. 

In order to apply a degree of generality., however the k *s could be related 
to a respective 6 change during a given flight path angle excursion. Recall 
that this was done earlier in the analysis section. The approximate rela- 
tionship between peak 9 / 7 s ^ e p and k 0 for the configuration evaluated was : 


0 

-5 -10 -15 



2 . Evaluation of a General u,w Flight Reference 
(With Implications for the Use of lift Margin) 

A brief experiment was run in which the steady state 7 - V slope for 
constant flight reference was varied using a combination of u and tw, i.e., 
airspeed and angle of attack. This experiment also had implications for 
the use of lift margin because of. the similarity in the dynamics. 
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From the relationships expressed in Table III-2 


du 


FR 


k (X - g\ 
u (a, ) 


X 


u 


k 


w 


for a general u,w flight reference. The folio-wing range of k and k , 
thus , was explored: 


k u (#/kt) 

\ (#MV 

c)u / kt \ 
\deg/‘ 

Condition 

...... t 

5 

0 

0 

Constant speedy 

5 


-2.4 * 

Intermediate condition — 
representative of < 

. lift -margin ' 

0 

-5 

-4.7 

Constant angle of attack 


The two extremes in the table above were representative of the basic 

1 , ■$ i * 

DSM dynamics for speed margin critical and vertical gust margin critical, 
respectively. The main objective of this experiment was, therefore, to 
examine the controllability of the intermediate case. 

Prior analysis had shown that the dynamics of a flight reference with 

k = -k should be more ansle-of- attack- like than airspeed-like (see 
u w 

Section III .33. 3). But in using FR[d,SM] the pilot had already demonstrated 
that he controlled angle of attack in essentially the same way as airspeeds — 
rather loosely. Thus we' expected, that the u-w combination'' would not produce 
any. .unusual results . 

A few runs using the intermediate u-w combination showed that this was 
a usable flight reference, not really distinguishable from FR[DSM] . 

Measured pilot gains indicated that the closed loop bandwidth was approxi- 
mately the same as DSM — about 0.1 5 rad/sec. The implication was that 
there was a continuum of flight reference possibilities spanning the range 
of positive k and negative k T combinations which would include lift margin 

i 

as a special case. 
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E. COMPATIBILITY OS’ MA1TOAL, AUTOMATIC, AND FLIGHT DIBECTOE 
FUNCTIONS — PIGMENTATION AND OPERATION 

Another objective of the feasibility study was to address the compati- 
bility of the safety margin system with manual, automatic, and flight 
director operation. This was accomplished by integrating the components of 
a safety margin system design into an existing S TO LAUD autopilot and flight 
director. The following topics provide a discussion of our investigation. 

1 . System Implementation 

The simulator experiment included the implementation of basic safety 
margin system components on the STD LAI© equipment . Thus it was possible 
to evaluate directly the impact on the overall software/hardware .package 
as well as certain operational features. 

System implementation included the following: 

® EADI display functions 

© FR and SR functions 

© Autopilot and flight director loops. 

An example of the Sperry 1 8 l 9A digital computer coding required for the 
above functions is included in Appendix E. 

Implementation of the display functions had a minimal impact on the 
existing STOIAHD system. Software modifications involved substitution of 
new signals to drive various existing displays: 

9 The vertical scale symbol, normally used for 1 airspeed 
error,, was driven by the FR function 

• Averaged engine rpm was displayed on the central 
digital window 

* The runway outline was collapsed into a single 
horizontal line and driven by the SR function 
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© Two of the marker beacon lights were used to 

indicate whether airspeed margin or angle of attack 
margin was more critical 

© The flight path acceleration bar was driven by 
the flight path margin reference, GR. 

There was no incompatibility among manual, automatic, and flight director 
functions so far as the display was concerned. 

The general implementation of PR, SR, and GR functions in the Sperry 
I 819 A computer was represented by the specific software implementation of 
the DSM shown in Appendix >E'. The DSM was, of course, the heart of the PR 
and SR functions ultimately recommended. The basic philosophy adopted was 
to base automatic operation on the preferred manual system. This insured 
system compatibility with regard to PR and SR functions . Operational prob- 
lems were encountered, however, -and will be discussed shortly. 

The magnitude of the impact of the safety margin system on S TO LAID 
software was minimal. As shown in Appendix ;E, approximately 200 words of 
the total 32000 word capacity were required to implement the system. The 
impact on cycle time was also miniscule because many simple arithmetic 
operations were involved (.only one ^lihe^_fmction wasTused,' andTeve n^th i s 
could.be - eliminated using.„a„sma.ll angle appr oxima t ion ),. 

An angle of attack input is one feature lacking in the present STOLAWD 
system hut required to implement a safety margin system. Angle of attack 
measurements are available on the MSA Augmentor Wing airplane; however, 
they are not sent to the Sperry I 819 A. computer. This problem was solved 
on the simulator by using an existing link from the EAI 8100 digital 
computer to the I 819 A. 

\ 

* t 

t 

2. System Operation 

Automatic and flight director operation was investigated by simply 
replacing the previous airspeed error signal with a suitably scaled flight 
reference error. Rate and displacement gains were suitably adjusted based 
on closed loop analysis. Because the basic Sperry STD LAND autopilot and 
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flight director software were essentially -unified, it was not necessary to 
deal with two components of software separately in order to make the system 
operable . 

Autopilot and flight director loops implemented using the basic STOLAHD 
system did produce problems. At the outset it was not clear whether these 
problems were (i) a result of a basic incompatibility of the preferred 
manual flight reference with autopilot and flight director operation, or 
(ii) connected with the specific S TO LAND autopilot and flight director 
being modified. 

The main problem encountered involved a limit cycle during an autopilot- 
controlled approach. The limit cycle produced an engine rpm excursion of 
approximately + 0 . 5 $ which coupled with the flight reference. This ulti- 
mately prevented tightening the flight reference loop to the desired level. 

1 . 

It was subsequently found^ that the thrust response ' involved not only 1 
lags but -also a sizable deadband. Effective thrust response could be 
improved through the use of augment or wing chokes (essentially a direct 
lift control) but that feature was not available on the particular STOLAHD 
software being used for this program. 

Another problem arose in connection with the STOLAHD flight director. 
Specifically, the flight director command bar was slow in responding to 
a flight reference error. Thus, the pilot frequently elected to disable ■ ", 

the flight director during large wind shear disturbances and proceed under 
manual control. (Reversion to manual control, however, was accomplished 
without difficulty. ) 

The original flight director was designed to control airspeed error, 
a low frequency regulation task. On the other hand, the flight reference 
error being sent to the director in place of airspeed was normally regulated 
at a relatively high frequency (see Subsection F). Thus/ to solve the 
problem -of slow response would have required modification of the basic 
flight director software — a task beyond the scope of this program. 

To summarize, for both of the operational problems described here 
there was no fundamental incompatibility among manual, automatic, and 
> 
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flight director operation using a safety margin system. There were only 
those incompatibilities relating to the specific software available. 

F. EVALUATION OF A HEFINED SYSTEM CONFIGURATION 

Based on the results of the simulator experiments and analyses performed, 
a refined safety margin system was configured and evaluated. The refined 
system represented a reasonable compromise among the various factors 
considered important. The major compromises included: 

© Enhanced direct flight reference control response 
at the expense of displaying true safety margin as 
the flight reference. 

© Diminished 7-9 cross coupling at the expense of 
-utilizing the maximum allowable low speed flight 
envelope . 

© Availability of exact safety margin status at the 
expense of the increased display complexity of an 
auxiliary safety reference! 

1 . System Description 

The system thus established is described in Table TV- 5- It was composed 
of a flight reference and safety reference combination. Both functions 
were based on dynamic safety margin. The safety reference was equivalent 
to dynamic safety margin exactly; the flight reference contained an addi- 
tional function of pitch attitude to enhance manual and automatic 
controllability . 

The system design was based on the following principles. First, 
dynamic safety margin should be a predominant component of the flight 
reference. To the extent that DSM fails to provide adequate controllability, 
equalization should he added in a way that retains as much of the safety 
margin status information as possible. Finally, when the flight reference 
does depart from DSM, it should be bached up by an explicit safety 
reference which can be easily monitored. 
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TABLE IV - 3 


REFINED SAFETY MARGIN SYSTEM 


FLIGHT BEFBKEKCE (AUTOMATIC AHD MMWA.L): 
FR = FK[DSM+k @] 

d 

= mill (FEij FEg) 


SAFETY REFEREHCE: 


Ft?! 


FEg = 


DSMj + g (e) 
0.5 s+1 
BS[^ + g (e) 


0.5 S+l 


where DSM^ = 100$ x 


V - Ymjn^ 


20 kt 

a, -a, 

, max 

DSMg = 100$ x ■ ^ £ q -jg 


g(e) = 


-10 feg x + 5 * 85 deg ) 


SR = min (LSI^, DS^) 


Lg HAY FORMAT: 


150^ 


Safety 

Margin 

Scale 


50 $*— 


y FR error symbol (tracked manually or 

automatically to maintain 100$) 


100$| — V f 

SR minus 50 $ (monitored) 

I 


TTTTT7- 


\ 


Floor (if at 50$ on the scale, FR = SR) 
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One of the key factors in determining the flight reference form used, 

ISM + kg (0 - 9 q ) (which we shall refer to as FR[DSM+kg0 ] ), was that 
essential DSM dynamics could he observed simply hy the pilot's holding 
his pitch attitude — itself the primary flight reference control. On 
the other hand, if the pilot were closing a loop on flight reference, the 
k 0 term would tend to dominate the response and provide something that 
approaches a simple proportional control (i.e., — = K) . This latter 
feature would also lessen the disparity between the two critical safety 
margin conditions. 

It was established earlier in the experimental program that in the high 
thrust region, FR[DSM+k 0] would alleviate 7-0 cross coupling if the k 
could be set sufficiently high without encountering excessive sensitivity. 
This, in fact, was the determining factor in the value of k picked for the 

O 

refined system, -10$/deg. 

The other parameter, 0 Q , was chosen specifically to guarantee that 
FR = 100$ would always be greater than or equal to DSM = 100$. Thus - ■ 0 q 
corresponded to the pitch attitude at the intersection of the' 100$ DSM 
trajectory and the minimum required flight path angle (steepest trim approach 
flight path minus k deg for the flight path control power). In this case 0 q 
equaled -5.83 deg at DSM = 100$ and 7 = -11 .5 deg (trim 7 is -7.5) as shown 
in Fig. IV-5. 

Other features of the refined system which resulted from the chosen 

values of k and 0 included: 

0 o 

© A controlled element transfer function that was 
nearly the same in both the speed-margin-critical 
and vertical- gust- margin- critical regions . 

© A loss of available low speed flight envelope equal 
to about 25$ DSM or 5 kt 

© Approximately one-half the ISM regulation effectiveness 
compared to tracking DSM directly. 
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PE[DSM+k 0 G] = 100$ 
(k = -10$/deg; 


9 o = “5-85 deg) 



nominal 
Trim Point 


Figure IV- 5- j - V Plot Showing Trajectory for FR[DSM+k Q e] = 100$ 


-5.8$ deg 
-11.3 deg 


2. System Analysis 


Prior to discussing simulator results for the refined system we shall 
describe some of its features which are made visible by linear ‘system 
analysis . 

The controllability of the flight reference -i& indicated by the 

numerator "which can be approximated for the two critical safety' \ 
u 

margin , conditions by'" the following - expr e s s ions : 

For speed margin critical; 




For vertical gust margin critical (assuming that 'kr. is the dominant 
DSM partial derivative); 



w 



- X 


u 


-k w 

w 

k„ 


s + 


gZ. 


u 


X Z 
u w 


X Z 
w u 


1 + 


With nominal stability derivative values substituted into these expressions. 


]^ R A -io[o.8T;0.39W^g 
and A -l6[0.70;0.27]$/deg, respectively. 

Aside from the numerical similarity it was also significant that both of 
the numerators contained a complex pair of ’keros with a high damping 
ratio. Thus, unlike an angle- of- attack-like system, the flight reference 
could be aggressively tracked without an oscillatory tendency . 

The refined system had the potential for partially maintaining dynamic 
safety margin through regulation of flight reference . The measure of 
dosed loop, effectiveness* {"explained, in) Appendix ©) is the following: 
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Referring to Table III-2, we can see that 


also 


l^g = ®Sg M for FR = DSM + k g 0 
+ k 0 A 


thus. 


<g *5“ V 
<T ' C 


For both crit ical margin conditions - the DSM + _k 9_ flight reference appeared, 
to be equally effective — about ^O°jo of the effectiveness of a pure DSM 
flight reference as shown in Fig. IV- 6. 


3. Simulator Results 

r ► 

The results from the simulator evaluation of the refined safety margin 
system configuration generally corresponded to the features described 
analytically above. 

The controllability was, in fact, judged by the evaluation pilot to 
be much easier than for the basic DSM flight reference. The pilot clearly 
perceived the nearly one- to’- one correspondence between pitch attitude and 
flight reference and took advantage of it by closing a significantly 
tighter loop than with FR[DSM] . The crossover frequencies inferred from 
measurements of pilot gain were approximately 0.15 rad/sec for FR[DSM] 
and approximately O.75 rad/sec for FR[DSM+k 0 0 ] . In other words, the flight 
reference was not regulated in the usual low frequency outer loop sense. 
Instead, the flight reference was treated more like, a flight director 
command and tracked nearly as tightly as pitch attitude itself. The pri- 
mary evaluation pilot characterized the ease of flying the Augmentor 
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Figure IV-6. Relative Effectiveness of FR[DSM-f-k 0 e] in 


1 .0 


Dynamic Safety Margin 



Wing aircraft using FR[DSM+k 0] as being comparable to flying a CTOL 

0 I 

airplane in the approach using raw data (glide slope and indicated 
airspeed) . 

The safety reference was considered to be an important part of the 
safety margin system. The evaluation pilot commented that he could use 
the SR indication to reduce the amount of pitch attitude commanded by 
cross-checking SR against FR. If the safety reference indicated that 
safety margins were within bounds, then the pilot might choose to ignore 
a given flight reference error and simply hold his attitude. The level of 
disparity between FR and SR, therefore, was not excessive. 

The precision of regulating DSM via the FR[DSM+k e] was not adequately 
determined in the presence of wind shear. With the FR loop closed, some 
reduction in DSM excursions was discernible; but the high frequency compo- 
nents of disturbances (which could not be well regulated) interfered with 
obtaining statistically significant measurements . Such measurements would 
require larger samples of wind shear encounters and pilot subjects than 
were possible in this* program. 

Therefore, it was necessary to infer potential effects on DSM precision 

by combining some results of the analysis with measured pilot loop gains. 

Figure IV- 7 shows the comparative effectiveness of FR[DSM+k 0 ] in mi nimi zing 

DSM excursion in horizontal wind shears. Combine Fig. IV- 7 with the fact 

that crossover frequencies inferred from measured pilot loop gains were 

approximately 0.15 rad/sec using FR[DSM] and O .75 rad/sec using FR[DSM+k 0 ]; 

0 

therefore, a reasonable benefit of FR[DSM+k Q 0] could be directly measured 
in terms of precision, given an adequate sample. 

k. Departure From a Fixed Configuration System 

Brief consideration was given to how easily the results of the fixed 
configuration experiment conducted here could be extended to a wider range 
of operating conditions. Utilization of the nozzle control was especially 
of interest. 
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® Units of rad/sec refer to ER 
crossover frequency 





The impact of varying configuration was inferred hy considering the 
various parameters involved: 

9 V - 
v min m 

© » (EL.) 

max v H' 

• k_ 

0 

e e 

o 

For variations in nozzle deflection about the 70 deg trimmed angle used 
here, none of the above parameters appeared sensitive. ^ and (ET^) 

were assumed invariant because of the relatively indirect effect of nozzle 
on aerodynamic stall, k was set on the basis of controllability and 
therefore not related to nozzle. Finally, 9 was determined from trimming 
at 7 - -11 .5 deg and DSM = 100$ for + 20 deg nozzle deflection and found to 
vary only + 0.3 deg. On the other hand, variation of flap deflection 
could be expected to have a direct impact on and a y and thus require 

scheduling of parameters. Gross weight, likely, would affect only ♦ 
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SECTION V 


CONCLUSIONS AND RECOMMENDATIONS 

A. SUMMARY OP SYSTEM OBJECTIVES AND DESIGN CONSTRAINTS 

The purpose of a powered- lift airplane safety margin system is to 
enable mardmum use of the allowable low speed flight envelope with reason- 
able ease of control . Factors which contribute to the effectiveness include 
precision in maintaining safety margins under adverse conditions and the 
quality of safety margin status information . Consideration must also be 
given to compatibility between manual and automatic operation and the cost 
and ease of implementation . 

In this study we found that it was necessary to strike a compromise 
among all of the design objectives and considerations mentioned above, but 
that acceptable compromises were, in fact, possible. 

The degree of acceptability depended upon observing a number of 
important constraints; 

© The normal guides of controllability apply to the 

flight reference — pitch attitude relationship which 
includes (i) direct response resembling a pure gain 
or rate command, (ii) minimum of adverse cross coupling 
with other controls, and (iii) absence of a PIO tendency 
if aggressively tracked. 

© Effective elimination of adverse cross coupling between 
pitch attitude and flight path angle (a nose-down 
correction required for upward flight path change) 
proved to be the most troublesome constraint and 
required a reduction in the allowable low speed 
flight envelope. 

© The flight reference itself cannot differ substantially 
from the dynamic safety margin in its sensitivity to 
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gusts without confusing the pilot. Also, the use of a 
safety reference is not acceptable unless there is a 
reasonable correspondence between the flight reference 
and the safety reference. 

© The -value of a safety margin system is questionable 

unless appropriate variables are sensed. If an airspeed 
margin criterion is involved, then relative airspeed 
must be supplied as an input; correspondingly. If an 
angle of attack or vertical gust margin is involved, 
then an angle of attack sensor must be employed. 

Inertial velocity inputs alone are inadequate in both 
cases . 

B. DEFINITION OF RECOMMENDED SAFETY MARGIN SYSTEM 

The safety margin system ultimately developed in this study and found 
to be effective in meeting all objectives consisted of a combination display 
of flight reference (for tracking) and safety reference (for monitoring). 

The flight reference was composed of a linear combination of dynamic 
safety margin and pitch attitude with mild low pass filtering. 

B3M + K (9 - 6 ) 

T7TT'» ^ ^ 


where k = -10^/deg 

e o = -5*83 deg 

and Ip = 0.5 sec 

The parameter k was used to enhance controllability at the expense of 

losing allowable low speed flight envelope. The absolute usable range of 

k Q was found to be -15$/deg to zero. The parameter 0 Q was set for a given 

k and minimum required flight path angle. Specifically, 0 was equal to 
0 o 
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the trim, pitch attitude at the minimum flight path angle, (in this case 
0 Q = “ 5-83 deg for 7 = -11.5 deg.) 

The safety reference was set exactly equal to dynamic safety margin: 

SR « DSM 

A sliding floor display was used in order to displace the SR symbol from 
the PR symbol. (The value of SR corresponded directly to the distance 
between the PR and SR symbols . ) 

Two colored lights adjacent to the PR-SR display were used to indicate 
the instantaneous critical safety margin — airspeed or angle of attack. 

This was auxiliary information, but judged useful by the pilot for modifying 
throttle-to-pitch- attitude crossfeed strategy. 

* \ 

The autopilot loop structure was made to correspond to the manual 
control strategy (PR ^ e and <= ^ s) . , . 

C (iw j * 

C . SYSTEM BENEFITS 

A number of significant benefits were confirmed both for the general 
concept of a safety margin system and for the specific design ultimately 
developed. 

© The safety margin system flight reference represents - 
a rational approach to combining multiple margin 
criteria in a single, normalized indication — this 
is useful in both manual and automatic operation. 

© The safety reference, implemented as a sliding "floor, 11 
provides a useful means of monitoring actual safety ' 
margin status while tracking a flight reference — 
also useful in both manual and automatic operation. 

9 The flight reference ultimately developed (PR - DSM 

+ k Q (e - 0 )) offers the advantage that the pilot 
u o 

is always assured of taking correct action when 



tracking FR with Q^ } thus he is less inclined to do 
the wrong thing. Response is rapid; well behaved; 
and similar in both high thrust and low thrust 
conditions . 

© A minimal number of parameters are involved in the 
above flight reference; only and 6 q aside from the 
definition of DSM itself. Each can be rationally 
chosen to trade off maximizing the usable low speed 
flight envelope against ease of control. 

© The scheme employed in the MSA Augmentor Wing 

airplane at a fixed configuration and loading appears 
to be directly usable for other nozzle deflections; 
and usable with minor adjustments at other gross 
weights and flap deflections. Further; the same 
scheme should be applicable to other powered- lift 
aircraft for which a backside piloting technique 
is used. 

® If the safety margin excursions can be shown to be 
improved significantly through use of a safety margin 
system; it may permit the use of reduced safety margin 
criteria. This potential benefit was not adequately 
demonstrated in this study, however. 

Do IMPLEMWITION COHBIDBRATIOKS 

The essential parts of the system described under Heading B were 
implemented in the existing Augmentor Wing STOLAND system with minor impact. 

© Digital computer core storage and cycle time require- 
ments were insignificant — less than 0.6$ capacity 
was utilized and simple arithmetic functions employed 
(+, * , ■*■)• 

© For the EADI display it was necessary to borrow an 
existing line for the SR symbol (in this case the 
runway perspective was used) . 
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© Angle of attack with respect to air mass is currently 
not an input to STOLAM) and would he required in an 
actual implementation. 

© An effective system could he configured with a simpler 
form than that used here with small compromises in 
the usahle flight envelope. 

Ev RECOMMENDATIONS FOB FURTHER STUDY 

Continued study of the safety margin system concept leading to a flight 
test evaluation is recommended. Based on the results of this feasibility 
study, a safety margin system offers important benefits in the operation of 
powered-lift vehicles with minimal added complexity in hardware and software 
implementation . 

The specific tasks which should be carried out in any future work are: 

1 . Conduct simulator tests to obtain statistically signifi- 
cant measures of safety margin precision for FR[DSM] and 
FR[DSM+k 8] compared to constant pitch attitude as a 
baseline. Utilize several pilot subjects to cover likely 
ranges of piloting technique, precision, and workload 
capacity. 

2. Conduct an additional simulator study to explore the 
benefits of further optimization and refinement of 
FR[DSM+k.e] with respect to flight envelope loss 
versus ease of control, safety margin status, and 
precision of maintaining safety margins . Again, 
consider several pilot subjects. 

3. Implement the further refined safety margin system 
obtained from (2) in suitable autopilot and flight 
director systems and investigate their properties, 
performance, and potential benefits. In particular, 
determine whether a longitudinal flight director 
based on FR[DSM+k e] offers any advantage over 

direct regulation of an explicit display of FR[DSM+k Q 6 ] . 
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Expand the further refined safety margin system concept 
from (2) and (3) to cover a useful range of airplane 
configurations, loadings, and atmospheric conditions. 

Verify operation by simulation. 

5 . Design a series of experiments to demonstrate the 
capabilities of the final safety margin system 
configuration in flight using the MSA Augmentor 
Wing airplane. Explore possible benefits during 
visual approaches as well as instrument approaches . 

Fully exploit naturally-occurring adverse atmospheric 
disturbances, and, if possible, introduce artificial 
disturbances, using the STOLAKD computer in conjunc- 
tion with x- and z-force generators. 

6. Utilizing the developments of this program, consider 
safety margin system applications to conventional 

and VTOL aircraft as well as to STOL aircraft operating 
in other flight regimes employing other powered- lift 
concepts, or involving other piloting techniques. 

It is believed that use of an effective safety margin system can con- 
tribute significantly to the overall safety and ease of operation of complex 
aircraft. The work reported here illustrates this and, further, serves as 
a point of departure for either the implementation of a flight test system 
package or the generalization to other powered-lift aircraft situations. 
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APPENDIX A 


AERODYNAMIC CHARACTERISTICS OF THE 
NASA AUGMENTOR WING AIRPLANE 


The characteristics of the airplane involved m this study are sum- 
marized here . The numerical values -were derived directly from the STOLAND 
Augment or Wing simulator model used in the experimental phase . 

A fixed configuration and loading were assumed, specifically: 


Weight 

‘Cg - 

Flap Deflection 
Nozzle Deflection 
Atmosphere 
Maximum engine rpm 
Pitch, roll, and yaw 

40,000 lb 
FS 3^1 .2 
65 deg 
70 deg 

sea level, standard day 

98.5$ 

SAS on 

The essential longitudinal aerodynamic stability derivatives relevant 
to the study are listed in Table A-1 . In cases where approximate factors 
were used to compute aircraft and flight reference dynamics, the following 
set of representative stability derivatives were assumed: 

X u = 

— .07 (l/sec) 

Xw = 

'OHO (l/sec) 

Z u = 

—.30 (l/sec) 


-.50 (l/sec) 

x 6 = 

0 

z 5 

-2 (ft/sec 8 /$) 

V = 

120 ft/sec 


ft^CEDINo PAGE NOT FII<(!tED , 
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TABLE A-1 


BASIC FLIGHT CONDITION PARAMETERS — NASA AUGMENTOR WING AIRPLANE 
(40,000 lb, Sea Level Standard Day, Flaps 65 deg, Nozzles 70 deg) 


DSM ( % ) 

100(A) 1 ', 


► 

100(B,) ! > 


> 

125 

126 

118.6 

FR* ( fo ) 

58.I 

58.9 

56.1 

58 .0 

85.5 

100(B) 

100(A) t,t 

> 

100(B) 

7 (deg) 

0 

-2.5 

-5.0 

-7.5 

-10 

-11 .5 

-2.5 : 

~5 

-7.5 

V (kt) 

64 


► 

68 .3 

79 

84.5 

69.0 

69.1" 

74.2 

% (* 7 °) 

101 .0 

96 .83 

94 .29 

91 .69 

88 .43 

86.37 

96.06 

93-79 

91 .38 

Q (deg) 

-1 .64 

-1 .72 

-1 .44 

-1 .63 

-4.30 

-5.83 

-3-39 

-3.13 

~4 .0 

a, (deg) 

— 1 .64 

.78 

3.56 

5.87 

5-70 

5 -.67 

-.89 - 

1 .87 

3-50 

a max ( de s) 

(26.84) 

(25.44) 

(24.52) 

22.88 

20.48 

19-3 

(24 .4o) 

(23.56) 

22.05 

X u (l/sec) 

“.056 

-.059 

-.064 

— .068 

-.087 

-.091 

— .064 

-.069 

-.074 

X w (l/sec) 

.085 

.103 

.096 

.115 

.112 

.112 

.091 

.096 

.120 

Z u (l/sec) 

-.250 

-.283 

-■517 

-.315 

-.294 

-.317 

-.244 

-.255 

-.302 

Z f w (l/sec) 

-.574 

-.561 

-.503 

-.526 

-.560 

-.570 ! 

-.372 

-•531 

-•535 

Xg ** (ft/sec^-deg) 1 

.0683 

.0959 

.0727 

-.0103 

-.0114 

.0086 

.1268 

.1067 

.0446 

Zg (ft/sec^-deg) 

-.308 

-.602 

-.939 

-1 .381 

-1 .059 

-1 .055 ■ 

-.739 

-1 .109 

-1 .367 


*FR = DSM - 10 (& + 5.85 deg) 

**( 8 %/as-)'. = .722^/deg 

tt (A) implies critical airspeed margin, (b) critical vertical gust margin 



APPENDIX B 


SUMMARY OF MULTILOOP' SYSTEM RELATIONSHIPS 

it 

The following is a summary of multiloop system relationships that 
were useful in the closed loop pilot-vehicle analysis performed in this 
study. For a more complete treatment the- reader should consult} Chapter 3-5 
of Ref. B1 . 

Consider the following example of a set of linearized eq uati ons of 
motion involving four states and three controls (or disturbances ) : 

a qi (s) a 1 g (s) a l5 (s) a^s) 

a 2i ( s ) a 22 ( s ) a 23^ S ^ a 2^ S ^ 

a 3 l (s) a^ 2 (s) a 55 (s) a^(s) 

a h/ s ) a 42 (s) a 43 (s) 

-j ( s ) t> 12 (s) b l5 (e) 

* 21 (s) ^(s) h 25 (s) 

^ q ( s ) ^^ 2 ( s ) ~b^( s ) 

\l (s) b 42 (s) b ii-3^^ 

Hote that each element in the above matrices can be a polynomial of s. 
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The characteristic determinant is given by: 


A(s) 


a„ „ 
11 

a l2 

a l3 

a i4 

a 21 

a 22 

a 25 

a 2k 

a 5l 

a 52 

a 33 

a 34 

%-i 

a lf2 

a 43 

%k 


Examples of numerators and coupling numerators are: 




b 11 

a l2 

a l3 

a lk 

%J(s) - 

det 

b 21 

a 22 

a 23 

a 2k 



b 3l 

a 32 

a 33 

a 34 



\l 

a ^2 

a 43 




b 11 

a i2 

a l3 

b 13 

HsJbjM 

= det 

b 21 

b 3l 

a 22 

a 32 

a 23 

a 33 

b 23 

b 33 



b 4l 

%2 

a 43 

b 43 



b 12 

b l3 

a l3 

b ll 

XpXhX-1 

N 535-l52^ s ^ ~ det 

b 22 

b 32 

b 23 

" b 33 

a 23 

a 33 

b 21 

b 3l 



\2 

b it-3 

%3 

b 4l 


(Type 0 numerator) 


(Type 1 numerator) 


(Type 2 numerator) 
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The largest type coupling numerator is limited by the number of inde- 
pendent variables such as controls and gust disturbances — - e-g., Type 1 
is the maximum for one control and one disturbance or two controls , Type 2 
is the maximum for two controls and one disturbance or three controls, 
etc. 


Also, by way of example, useful numerator identities include: 


X 1 X 2 


x„x. 

1.1 


X 1 X 2 

ir 5l s 2 


X 2 X 1 


X 1 X 2 


n 5 2 & 1 = ~ N &2 S 1 

xx 


= 0 


X 1 X 2 X 3 


det 


X 1 

X. 

N&i 

% 

Xp 

x, 

sr& 1 



x. 


.-det 


A 


A \ 

' X 1 

X 1 

% 2 

x' 

%3 

X 2 

x p 

% 2 

X 2 

N53 

x 3 

x 3 

^2 

x 3 

^83 


x„ 


x. x 

%2 




^8^285 = 


x xx 
+ ^8^8381 

X. X 

+ %3 %^8 2 


X 1 , X 2 X 5 


A more general description of the expansion of higher type coupling 
numerators is given in Ref. B2. 
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In order to appreciate the application of some of the foregoing 
numerators and coupling numerators, consider the following block diagram: 



The following are examples of transfer functions involving multiloop 
feedbacks for this block diagram. 

The exact x^/s^ transfer function is: 



x x x x~x x x_x 

%j + y 2 ^ 5 ‘ h- -f y 2 y 3 i%^ 5 ‘ 

X X XX 

A + Y 2 I% 2 + Y 3 H & 3 + Y 2 Y 3 h 5 2&3 


The x^/5^ 
respectively. 


transfer function with x 2 and x^ constrained by 5g and 5^, 
is: 
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APPENDIX C 


DERAILED ANALYSIS OP PLIGHT REFERENCES BASED ON 
STATIC SAFETY MARGIN 


In the following pages of this appendix "various static safety margin 
combinations are analyzed in detail. The analysis results are the basis 
of the summary table in Section III.B.2. J 

Each static safety margin is a combination of the following measurable 
state variables or control variables. Note that some variables can be 
represented in several forms: 

u Airspeed 

Qi 

w a Body fixed vertical velocity or angle 
of attach relative to the air mass' 

d Inertial vertical velocity relative to 

flight path, flight path angle , or 
altitude rate 

0 Pitch attitude 

5 Thrust,, throttle deflection, or engine rpm. 

The analysis is based on the general methods outlined in Section III. 
The simplified longitudinal equations of motion shown in Table III-2 are 
used exclusively. 

1 . SSM^ w (airspeed and angle of attack) 

Under all conditions the SSM is nearly equivalent to the ISM 

u,w 

as demonstrated by the linearized flight reference gains k and in 
Table 111-4. 
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2. SSM (airspeed and pitch attitude) 

llj 0 

The SSM was considered to be the most promising flight reference 
0 

substitute for dynamic safety margin, although the simulator evaluation 
ultimately revealed serious shortcomings. 

For speed margin critical, SSM was exactly equivalent to DSM. But 

U, B 

for vertical gust margin critical, SSM Q differed significantly from DSM 

VL) 0 

and showed the promise of enhanced controllability over DSM. The following 
discussion is therefore limited to the condition of vertical gust margin 
critical. 

t » 

Recall from Section III.B.1 that for the vertical gust margin critical, 
tracking DSM would produce a flight path overshoot condition. It was 
found that 'tracking the SSM would greatly improve the overshoot tendency 
as shown in Fig. C~1 . | 

The reason for the improvement in closed loop flight path overshoot was 
traced to the closed loop denominator as characterized by 

A’ = A + Y IT® 

FR 0 

The numerator, a™ was the key factor. For FR = DSM we 
0 

numerator contained low damping ratio second order zeros 
of attack, i.e., for FR = DSM: 

R® = Vk-[s 2 -X s - | Z 'I 
9 wL. u V uj 

Using, the k and k relationships previously derived for the SSM 

XI 0 "l 



showed that the 
typical of angle 
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Thus ' there is no oscillatory tendency in the FR ^- 9 c loop with FR = SSM^ . 
This fact was of potential interest in the event that flight path overshoot 
using DSM was found to he a problem in the experimental investigation. 

As for safety margin performance, the vertical- gust-margin- critical 

SSM was found to he effective although less so than using DSM. For an 

input of a unit horizontal wind shear, u , the following peak excursions 

i s 

were computed assuming FR ■ ■■■ >— Q at 0.1 5 rad/sec and e ■■■ :» - 5 at 

C (jfc) - 

0.5 rad/sec: 


FLIGHT REFERENCE' 

PEAK DSM EXCURSION 

DSM 

~&foj kt/sec 

SSM „ 
u,e 

-20$/kt/see 

'Constant 0 

-30^/kt/sec 


The main shortcoming of using SSM was its incorrect sensitivity to 

0 

gusts when the vertical gust margin was critical. This was apparent from 
the flight reference gains themselves (Table Ill-tb) . 


FLIGHT REFERENCE 

>_X , _ | | KHV t - 1 1" 

u SENSITIVITY 
S 

w SENSITIVITY 

8 ' 

DSM 

40 . 7$/kfc 

-k.9fo / kt 

SSM „ 
U,0 

-3-3/o/kt 

0 


For a horizontal gust a reverse margin indication would he produced initially 
and for a vertical gust there would he no initial indication. This is shown 
more completely by Fig. C-2. This was ultimately found to he the most un- 
favorable characteristic of this static safety margin formulation in the 
simulation experiments. 

3. SSM * (airspeed and flight path angle) 

llj CL 

This static safety margin formulation was found to he unacceptable 

purely on the basis that regulation using pitch attitude would destabilize 

the pilot-vehicle system. This was indicated by the presence of a positive 

real zero in the flight reference numerator, / R . 

u 

104 
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DSM (true safety margin) 

/ 

/ 

• / 

/ 


. Behavior of SSM,^ Q to Gusts with Pilot Soloing' Pitch ilttitucCe’ 
Where the Vertical Gust fergin-. is Critical 

165 
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Unfortunately, the positive real zero was shown to he a feature always 
present in SSM % . Using the method demonstrated earlier, we estimated the 

CL 

k and ki for SSM t and found: 
u d u,d 


k = - 
u 


k* X V 
w u 

(v«) 


and 


k d " 


(v4 


Inserting these into the general form of 

0 




gZ / Z (x ~g) 

W V g l z a 


Hence, the zero would always he positive real for realistic values of Z , 

X , and Z . 
a 7 a. 


4. SSM _ (airspeed and thrust) 


u,5 


The static safety margin based on airspeed and thrust had two main 
problems when vertical gust margin was critical. First, there was no , 
direct indication of the vertical gust component since angle of attack was 
not sensed directly; and second, there was a strong influence of thrust 
(large k g ) which resulted in significant cross -coupling with flight path 
control. 


The linearized flight reference gains were computed as functions of 
linearized dynamic safety margin coefficients: 


u 


= i*- 
u 


Z 

Z w 
w 


and 
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As in cases considered previously the kt terms dominated when the speed 
margin was critical, and the k£ dominated when vertical gust margin was 
critical. The k~ term had only a second-order effect. Nevertheless, the 
throttle sensitivity for this static safety margin, k g , was relatively 
large (approximately +1 AN^) . 

The substantial k g produced a washout of flight path response similar 
to that of the dynamic safety margin. In effect, when thrust was applied, 
a considerable increase in flight reference occurred. This, in turn, led 
to a pitch down and a subsequent reversal of flight path. The effect is 
demonstrated in Fig. C-3. 

A second view of the throttle-to-f light-reference cross coupling 
characteristics was obtained by comparing FR/6 with DSM/S, i.e., the actual 
FR response to throttle compared to the actual safety margin response to 
throttle . In general. 


FR 

ISM 





kc ' 

~ 7 

fs-X \ 


fs-X V s-Z ^ -X Z 

{ W 

z s 

v.J\. vj w u 


k - * 

fcsac + k* (s - x \ + (s-X Vs-z \ - x z 
uw w\ u ) Z | \ u}\ w) wu 


) 


If, for the vertical gust margin critical case, we neglect If and kg, 
we can then show that 


5 

.SM 

o 



+ 1 


Therefore, the flight reference would be overly sensitive to throttle inputs 

i 

in the short term, i.e., t •< — =— = 2 sec. 

This static safety margin combination appeared to offer no clear advan- 
tage over dynamic safety margin. It lacked direct w response and involved 

§ 

potentially troublesome cross coupling. It did, however, involve one less 
sensor. 
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5- SSM^ Q (angle of attack and pitch, attitude) 

In this and the following static safety margins involving angle of - 

.j * 

attack (w;) , the main area of interest was in the region where airspeed 
margin was critical. Otherwise, any SSM involving w was essentially 
equivalent to dynamic safety margin. 

For the SSM in the speed margin critical range, the flight reference 

w j y 1 1 

gains (as calculated in Section III.B. 2 ) are: 


w 


X 


w 


X 


u 


k* 

u 


and k = ^ k* 

0 Xu 
u 

When these gains were substituted into the expression for it was 
apparent that the flight reference responded nearly in proportion to pitch 
attitude in the frequency range "below 0.5 rad/sec: 


FR 

0 




Z w S ^ 



^ 5M 0 -07) (0-8) 

(o.i5)(o.4) 


($/deg) 


Thus, direct controllability was judged not to be a problem. 

The adverse 7-0 cross coupling still remained a factor in this flight 
reference implementation just as it had with dynamic safety margin and 
static safety margins containing airspeed. That is, it was still necessary 
to depress pitch attitude when making an upward flight path correction. 

This feature was present in all static safety margin implementations where 
holding constant speed (or speed margin) was the objective. 
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The most serious problem with SSM^ (and all the remaining SSMs, in 
fact) was that there was an incorrect indication of horizontal gusts. 
Recall from Table III-2 that for the DSM: 


m 

u „ 



zl (oA) 

(0.15)(oX) 


In this case, i.e., SSM 


w,e’ 


m 

Ur, 


X 

w 

~ Z k* 
X u u 
u 


+ Tq7 )( s + tT 


n, 


92, 


+2)4 


(0.1 5) Co. 4 ) 


lor cases in which airspeed was not directly involved in the flight 

reference, it was necessary to examine closely the potential for regulating 

airspeed, thus DSM, via the flight reference. The general procedure was 

to use the closed loop response of DSM to u . This indicated the effective- 

§ 

ness in reducing DSM excursions by regulation of an indirect flight reference. 
Starting with the general expression for dynamic safety margin response to 
horizontal gusts with flight reference regulated: 


DSM 

u 


g 


FR 


* +R ^ u, 


DSM 
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y /R 

x j'R iN e 

The term is the open loop gust response and ^ is the open loop 

pilot-vehicle response to flight reference. Note that if the remaining 
expression 




is unity there is no modification of the open loop •2^ response — pitch 

u g 

attitude might just as well he held constant. If the expression is zero, 

then the response is reduced as if DSM were regulated directly. 
u g . . 

Consider the results for PR = SSM For the case where speed margin 

w,e — 2 — 

is critical, kr = k* = 0 for ISM; and k = - X /X k*; k„ = g/X k 4 for 
* w 5 5 w w / uu 5 9 &/ uu 

SSM t . . Hence, from Table IU-2T 

W , U 
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1 


and ; 




»T M 

u 


u s e 


2 

s 


- (x + Z ^ s + X Z - XZ 

V U W/ U W W u 

s 2 -fx + Z ^ s + X Z 
\ u w / u w 


Figure C-k shows a plot of the asymptotes of the absolute value of this 
function for typical values of the stability derivatives involved. As 
indicated; the ''function is not ,as small as desired; rather it is approximately 
unity. Hence, the SSM^ was expected to be relatively ineffective in 
maintaining dynamic safety margin. The results are further confirmed by 
the closed loop DSM/u frequency response plot in Fig. C- 5 . This shows that 

o 

FR = SSM 0 is even less effective than holding attitude regardless of how 
tight the FR — loop. 


6 . SSM^. ^ (angle of attack and flight path angle) 

A flight reference based on SSM^ ^ was shown to be equivalent to the 

SSM a in all major respects. Controllability, safety margin status inf or- 
IT; U 

nation, and dynamic safety margin maintainability were all found identical 
to SSM^. g by virtue of generic transfer function relationships. 

Just as for SSM the region of interest for SSM % was when speed 
w$ie> ^ w,d ^ 

margin was critical. For this condition: 


k A 
w 


(Vf> 

V X 


k* 

u 


and 


k* A — — k* 
d VX u 
u 


Substituting these values into the equations of Table III-2 gives: 


and 




s + 


3T^ A 
0 


X Z s 

*E = wu 



x 


u 


X 


u 
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(asymptote) 



0.5 ' 

0.5 - 

0.2 - 

0.1 - 

0.05 

0.01 


Figure C-4. Ineff 





Open loop (e held constant) 


HOTE: 




must he small compared to unity 


for effective regulation of DSM 
via FR — fc — 0 


1 

0.1 

co (rad/sec) 


of SSM. v G in regulating DSM 
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' Figure C-5- Frequency Response of - — — with FR = SSM Compared to FR = DSM 

• ' U Wj o 

g 






Since these relationships were identical to those of SSM^ Q , the same 
conclusions were drawn. Notably: 

©' Controllability was considered good because of the 
pure gain response* of FR/0 - 

© Margin status information was distorted without a 

direct airspeed input as indicated by FR/u 

§ 

© Dynamic safety margin was not regulated via an 

FR a » - 9 loop as shown by the closed loop — ^ 

u g 

response. 


SSM 




(angle of attack and thrust) 


The static safety margin based on angle of attack and thrust was found 
to provide a reasonably direct indication of dynamic safety margin even 
when airspeed margin was critical. Further, it had the potential for 
effectively regulating dynamic safety margin. There was, however, a 
controllability problem when transitioning from the vertical-margin- 
critical region to the speed-margin- critical region. Also, adverse throttle- 
t.n- fligbt — reference cross coupling was evident. 


The static safety margin partial derivatives derived for SSM ^ were: 



k 

w 


High Thrust 

(speed margin critical) 

Z 

-^k* 
Z u 
u 

- ^ k-if 
Z 

u 

Low Thrust 
(vertical gust 
margin critical) 

Z 

k» - Ol 
w \ u 

z, 

k~ - ■=— k*" 
5 Z u 
u 


Based on these derivatives,* the FR/9 numerator _was computed for bothl Mgh> 
and low thrust conditions: 


High thrust: = 

Low thrust: if i 


- r'V *;■[/ - x u a - f \T 

u J 

^ V [s 2 - I S-| Z 1 
w L- , u V UJ 
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Since kr = - k* for the two conditions there would he a net gain change of 
approximately Z/z = 1 . 7 . The potential danger in this gain change coupled 
with the low damping ratio of the complex pair of zeros would he the 
tendency to over-control or to produce a pilot-induced oscillation follow- 
ing a switch from the low thrust condition to the high thrust condition. 

The other undesirable feature of SSM _ was a large magnitude adverse 

W, o 

cross coupling between throttle and flight reference. This was directly 
evident from the speed margin critical partial derivative,. 


k 


6 



- 20 io/io au h 


According to this, a 1$ increase in engine rpm would indicate an instantane- 
ous safety margin loss of 20 $ — a contradiction since thrust normally 
increases margins. 

A flight reference based on w and 8 was used during the powered- lift 
simulator experiment reported in Ref. Cl . The flight reference partial 
derivatives in terms used here were: 


\ = -4.9?^/kb 

kg = + 0 . 9 f°/i° 


These were approximately equivalent 
critical. 


to the SSM _ 
w, 8 


for vertical gust margin 


The w, 8 flight reference from Ref. Cl was considered usable with the 
essential features of angle of attack clearly visible. The piloting tech- 
nique involved making an initial pitch change, waiting, then making 
additional attitude corrections as speed and angle of attack slowly changed. 
The direct effect of thrust on FR was noted but was not objectionable since 
it was in the correct sense (k > 0). 
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8. SSM ; (pitcli attitude and flight path angle) 
g } d, - 

This static safety margin combination was shown similar to dynamic safety 
margin in terms of controllability but failed to provide adequate safety 
margin status and margin regulation. 

The SSM • partial derivatives were derived for both critical safety 

U j CL 

margins : 


k; 


High Thrust 
Condition 


(V s ) 


X 


u 


k* 

u 


X 

k * 
X u 
u 


Low Thrust 
Condition 


V k* 
w 



The lack of status information in both high thrust and low thrust 
conditions was apparent by the absence of a k^ and a k^. The inability of 
regulating DSM via an HR — ^-9^ loop was shown by the hi gh-thrust -condition, 
near -unity value of 



s 2 - ( X + Z ) s + X Z -XZ 
V u w j u w w u 

s 2 - ( X +Z N )s+XZ 
V u w/ u w 


Hote that this expression was identical to those of SSM - and SSM *, and 

w, 9 w, cF 

therefore unsatisfactory for the same reasons. 


9* SSM. - (pitch attitude and thrust) 

PjO 

This static safety margin implementation represented the extreme in 
terms of control ease and lack of safety margin information or direct 
margin regulation. The reason for this was that SSM was a function of 
only control variables — state variables were totally absent. 
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The ease of control can "be shown in a general manner by considering the 
FR/e transfer function. First, 'the partial derivatives were determined: 


k e = 


X Z - XZ 

TL W W U 


f Z k* - Z k*^ 
V w u u w/ 


and kg = 1 5 X z 


u w 


w u 


X Z. 

Tr-v- 5 T,,*- 

u X Z - X Z w 


u w 


w u 


Substituting these into the expressions in Table III-2 


m 

0 


e 

i 

A 


ZP- 
w u 


Z k~ 

U W; 


X Z - X Z 
u w w u 


a pure gain. 


The lack of flight reference response to gusts is evident from the 
'absence of k Q and k^ in the gust numerators, and (in Table III-2). 

A version of a 9,5 flight reference .was also evaluated experimentally 
and described in Ref. Cl . The partial derivatives were similar to the low 
thrust SSM -considered here, i.e., 

t/ y O 

k Q = -5.i$/ de § 
kg = +3.8$/% 

The ease -of u controlling this implementation was readily apparent, but 
it was realized that any indication of gust or wind shear hazard was 
completely lacking. 

10. SSM* • (flight path angle and thrust) 
d,o 

A static safety margin based on flight path angle and thrust is 

Sr 

unsuitable for any aircraft operating near ^ = 0 . Thus it is unsuitable 
for most aircraft during landing approach. 
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As mentioned earlier, tie' k^ and k & partial derivatives were excessively 
sensitive. The source of the problem could be demonstrated by deriving the 
implicit general expression for the partial derivatives •- 


k d = 


Sdsm 


bet' 


N^ SM (s=0) 

~^~(s=0) 


and 


k„ = 


Sdsm 


"Ss" 


d 


nf M |(s=0) 


0 


(s=0) 


N q (s= 0) is the common denominator in both equations and is also proportional 
Sr Sr 

to When •g— approaches zero, k^ and k g will therefore approach 
infinity. 
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PLODDING PAGE BLANK NOT 


FILMED 

APPENDIX D ‘ 

FLIGHT 'REFERENCE LOOP PARAMETER COMPUTATION 

System: ' Powered-lift SHOD aircraft with pitch SAS 

Assumed Control Strategy: STOP technique, i.e., flight path regulated 

hy throttle and flight reference regulated by pitch attitude — 
no control crossfeed. 

Bloch Diagram of Plight Reference Loop: 



i.e., 6 - S(, 

3 c c c 


or- AS = 


KnKp 

-K_ (0 - 0 ) - — (PR - FR ) 

0 ' o' o' o' 


K 


-K q A0 - 


B^FRI 


AFR 


Difference Equation: 

AS c (z) = -Kq A0(z) 


or AS c (n) - A& c (n-1 ) = 


-1 


- =— AFR(z) 

1 - z _l 

-K 0 |A0(n) - A9(n-1)J 
-Vm ^AFR(n-l) 
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or } In the form y = H a' 


where y 


A 


■vector of measurements 


a = vector of n nkn ox-m parameters 
H = matrix of measurements 


[A5(l ) - AS(0)] 


I 

1 

> 

<d 

o' 

- 

[T AE-R(O)] 

[AS ( 2 ) - A&Cl )]■ 

« 


[A0(2) - A0(l )] 

[T AFR(l )] 

* 

• i 

[A5(n) - A5(n-1 )] 

1 

j 

[Ae(n) - A9(n-1 )] 

[T AFR(n-l )] 



"WkRI 


a 


Least Squares Solution; 


for y = H a 


a = [h T h] 1 H T y 
where a is least 'squares - estimate of a 


Running Solution; 

^ rp i| i 

For a running solution of a compute H H and H y by storing 
appropriate summations, I.e., 


„T 

H y 


T 

H H 


£[AS(n) - AS(n-l)] [A 0 (n) - Ae(n-l);] 

£ [A6(n) - A8(n-1 ) ] [T AFR(n~1 ) ][ 

X)[A0(n) -Ae(n-l)] 2 £[(A0(n) - Ae(n-1 )) T- AFR(n-1 )] 
EUag ( n) - A0(n-lJ)T AFR(n-1 )J £ [T AFR(n-1 )] 2 
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Result: 

The unknown parameters and. K^, can he computed, and displayed 
on-line using the two dimensional arrays of stored summations 
of column deflection, pitch attitude, and flight reference. 
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APPENDIX B- 

SPERRY 1819A DIGITAL COMPUTER SOFTWARE ^DEDICATIONS 

The following is a description of the software modifications made to 
existing S TO LAUD software*. Most of the modifications were made to imple- 
ment the flight reference scheme described in this report. In addition, 
some program changes were required to update the pitch SAS and to correct 
a computer timing problem. 

The program changes are listed according to their specific function 
which include: 

(i) Calculation of SR, FR, and GR 
(ii) Display of FR 
( iii.) j Display of SR 

(iv) Display of GR 

(v) Display of IT^ 

(vi) Modification of pitch SAS 

(vii) Elimination of timing problem 
(viii) Modification of autopilot. 

1 . CALCULATE SR, FR, AND GR 

The flow chart of Fig. E-i depicts the calculations required to obtain 
the SR, FR, and GR variables. Note that an option for using SR, FR, and 
GR functions generated in the EAI S400 has also been provided. (The EAI 
81<00 "D-to-D" software program was modified to pass the variables SR, FR, 
a, and 7^^ to the 1819A.) This was done because some experimental safety 
margin schemes were more easily programmed in FORTRAN and implemented on 

* Modifications apply specifically to the Augmentor Wing S TO LAND tape 
AWXA-1 dated 20 April 1 977 * 
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DTOD 



Subroutine name. 

, L. 

Figure Flow Chart of I 819 A. Computer Program 

for Calculating SR, FR, and GR 
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the EAI 8400 . Angle of attack (a) was provided by the EAI 81|00 for calcu- 
lation of DSMg (true angle of attack is not presently available in the 
Sperry 1819 A digital computer). 

Table E-l contains a listing of the 1819 ft. assembly language code used 
to realize the flow chart of Fig. E-l . Program variables start at core 
location 33743 and constants at 37123* Some of the subroutines have been 
placed at the end of bank 4 (i.e., 47557 ) > others pre-empted a portion of 
the runway display code (the runway display program was used to display 
SR as described in Section E-3') • 


2. FLIGHT REFERENCE (FR) DISPLAY 

The speed bug symbol on the EftDI was used to display FR. The display 
was programmed to be centered when FR = 100$, and have a sensitivity of 
50$/in. The required code is shown below. The format of the changes is 
[core location], new instruction, (old instruction). 


‘4 2607 ; 
'4 2610 ■ 
'4 2611 ' 
'4 2612 
'4 2613 ' 
'4 261 4' 


ENTftL'FR 

SUBAL’DIOOOO 

M0ML'D8l 

DIVA , D5000 

STOOP’ 

100P’ 


12 

3744 

(12 

2616 ) 

16 

4373 

(24 

4360) 

24 

4154 

(26 

4373) 

26 

4337 

(50 

6100 ) 

50 

4)00 

(10 

41 54) 

50 

4300 

(7 6 

5331) 


3. SAFETY REFERENCE (SR) DISPLAY 

The runway perspective on the EADI was used to display the difference 
between FR and SR. The existing code was modified such that the "runway" 
appeared as a solid horizontal line approximately l/4 inch wide. The 
line was biased to the left so that it would line up with the speed bug, 
and down such that when FR - SR = 0 the line would be at the bottom of 
the speed bug display. (Figure IV- 3 in the main body of the report depicts 
the resulting display.) The sensitivity was set to 50$/ in. 
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TABLE E-1 . LISTING OF SPERRY 1819A ASSEMBLY LANGUAGE CODE 









INTEPMETRICS 1B19A ASSEMBLER 

01/12/70 

PAGE 1 

STI SR AND FR SYSTEM FOR THE 

AUG- WING 

200 

000000 000000 


ALLOC 




•! 300 

000000 034073 

ONEZ 

ALLDC 

34073 


' 

A 00 

000000 034111 

DIO 

ALLOC 

34111 



! 5 00 

000000 034217 

D360 

ALLOC 

34217 



600 

000000 032724 

VCAL 

ALLOC 

32724 

.1 KT/BIT 


. 700 

000000 034157 

moo 

ALLOC 

34157 



R00 

000000 031044 

THET 

ALLOC 

31044 

(1/360) DEG/BIT 

1 

' 900 

000000 032147 

NH 

ALLOC 

32147 

• 013/E5T T 


1000 

000000 043543 

BLANKE 

ALLOC 

43543 



1100 

000000 031771 

ERNFLG 

ALLOr 

31771 



I 1 200 

000000 032760 

TMPO 

ALLnc 

32.760 

> 


j 1300 

000000 034337 

D5000 

ALLOC 

34337 



1400 

000000 032617 

XR1 

ALLOC 

32617 



1900 

000000 032620 

XR2 

ALLOC 

32620 



1600 

000000 032621 

XR3 

A L LOC 

32621 


1 

1700 

000000 032622 

XR4 

ALLOC 

32622 



1 BOO 

000000 032623 

YR1 

ALLOC 

3262? 



1900 

000000 032624 

YR2 

ALLOC 

32624 



( 2 000 

000000 032625 

YP 3 

ALLOC 

32625 



2100 

000000 032626 

YR4 

ALLOC' 

32626 



2200 

000000 034160 

M100 

ALLOC 

34160 



■ 2300' 

000000 036727 

THETSC 

ALLOC 

36727 



2400 

000000 036732 

7MAX 

ALLOC 

36732 



1 2500 

000000 033023 

ZAV 

ALLOC 

33023 



2600 

000000 033024 

XV 

ALLOC 

33024 



2700 

000000 034071 

ZERO 

ALLOT 

7407! 


l 

- 2B00 

000000 037010 

SI MOO 

ALLOC 

37010 


, 

2900 

000000 034203 

D250 

ALLOC 

34203 



] 3000 

000000 034302 

D2000 

ALLOC 

34302 



3100 

000000 043253 

RNY60 

ALLOC 

43253 



3200 

000000 034257 

DIOOO 

ALLOC 

74257 



3300 

000000 034373 

D10000 

ALLOC 

34375 



3400 

OCOOOO 037040 

COSO 

ALLOC 

3 7 04 D 



3500 

OOOO'bO 031002 

ACCZB 

ALLOC 

31002 



3600 ,000000 040035 

SORT 

ALLOC 

40035 



' 3 700 

0000 00 0’ 2-54 2 

cnsPHi 

ALLOC 

3254? 

1 


, 3 0 00 

000000 0324232' 

'GAMMA T 

ALLOC 

,32423 



3900 

000000 032727. 

VTA I RE 

- ALLOG 

32727 



4000 

000030 030763 

PSIDOT 

• ALLOC 

30763 

" * ■” ) 

• 

1 4100 

000000 040034' 

">S T NCOA 

ALLOC 

40034 



4200 

000000 034420 

RADDFS 

ALLOC 

34420 



4300 

000000 034154 

031 

ALLOC f 

34154 


I 

4400 

000000 034252 

0900 

ALLOC 

34? 5 7 

f 


1 4500 

000000 031274 

T ASREF 

ALLOC 

31274 

- 



£ 5 ? 


gM 

o ^ 

*# 
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TABL E E-1. ( Continued) 




i 


ro 

vo 


TmfRHCTRICS'Tnl9A A SSFMRLE R 01/12/70 PAG C 2 STI SR AMD FR~ SYSTEM' FOR* THE AUG WING 
4600 OOOOOO 031255 DZCU ALLOC 31255 


A 700 

000000 

032266 

THTCOM 

ALLOC 

32266 



4800 

000000 

01A051 

NOCROS 

ALLOC 

1A051 



A 900 

000000 

0335A3 

XI NT 

At LOC 

33 5A3 



5000 

oooooo 

054525 

SIGNMG 

At LOC 

5 45 2 5 



5100 

000000 

03A232 

D500 

ALLOC 

3A232 



5200 

oooooo 

017511 

ZTFLAG 

ALLOC 

17511 


* 

5300 

0371 23 

oooooo 


S7APT 

37123 

PUT CONSTANTS HTRE 







' ' ilL4iL ** , 


1 





i 

1 INTERMETRICS 1319A ASS 

;emblep 

01/1Z/7B 

PAGF 5 PUT CONSTANTS HERE 

I 

i 5600 037123 

776027 

K THE 


-10000 


5700 037124 

773727 

TtlEMQT 

* 

-208RD 


5 BOO 037125 

202153 

KDSM3 



1 

5900 037126 

101065 

KDSM5 


33333D 


6000 037 1 27 

207654 

KMVO 


6954BD 


6100 037130 

775440 

KMVNH 


-1247D 

1 

6200 037131 

001122 

KMVNH 2 


5940 

) 

. . 6300 037132 

773365 

KAO 


-23I4D 

i 

6400 037133 

777406 

KAV 


-2490 


, 6500 037134 

000230 

KAV2 


152D 


6600 037135 

00C475 

K AMU 


3170 


6700 037136 

777626 

KANH2 


-1050 

l 

,6800 037137 

770574 

KGO 


-3715D 

1 

6 900 037140 

-000074 

KOI 


6 00 


, 7000 037141 

777750 

KG2 


-23D 


' 7100 037147 

-777704 

RNSR - 

r - - 

' — 59D RUNWAY PERSP. 

DISPLAY GAIN 1 

7200 037143 

000670 

VMM 


4400 , - 


7300 033 743 

OOOOOO 

- 

START 

33743. PUT VARIABLES 

HFRE 




— + 








O & 

II 

t? a 

g@ 

Se 

69 >3 

6o _ 

*-d ^ 


I 
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INTERMETRTfS i?U°A ASSEMBLER 01/12/70 
7600 033743 000000 SR 

7700 0^3744 000000 F R 

7800 033745 000000 FROTEN 
7900 033746 OOOOOO VMIN 
__ 800 0 03374 7 OO OOOO VHT NH 
riioo 033750 OOOOOO ALFAMX 
8200 033751 OOOOOO 0 SM 
8300 033752 OOOOOO TDSM 
8400 033753 OOOOOO N7 
8500 033754 OOOOOO S0M7 

..8600 033 755 OOO OOO GMAX 

8700 033756 OOOOOO FRMSP 
8800 033757 OOOOOO AL C A 
8900 033760 OOOOOO GAMA 
'9000 033761 023420 TP 
9100 033762 035230 TRA 

9 20 0 JO 337 63 01 1 610 T R B. 

9300 033764 000144 TRAB 
^ , 9400 031522 OOOOOO 


START 


p o o p o o p o o jo o o Iq o 


TA BLE jEr-lj (Con tinu ed) 

PAGE 4 put" VARIABLES HERE 


10BT/KT 

10BT/KT , 

360BT/DEG 
1 OOBT !% 

1,2. 3 , 4 OR 5 __ 

MODIFIED L . F . » 1 OOOOBT/G 
SOUAPF ROOT OF N7 

MAX I HUM AFRO, F PA 

FR-SR, 1 OOBT IX 
ADA (FROM 8400) , 360BT/DEG 
AFRO, FPA t FROM 84001,360 PT/ OEG 
100000 TFST VARIABLES 

l 5000D 

.3-0.00.0 - 

100D 


3152? 


LGAIH+43 
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TABLE ( C ont i nued ) 


INiERMETRifs - 1819A ASSEMBLER 01/12/70 PAGE 5 LGAIN+43 


9700 

031522 

456316 



-1073130 

FR LAG 

TIME 

CONSTANT 

9000 

031523 

406243 



-1278369 

NZ LAG 

TIME 

CONSTANT 

9900 

047557 

000000 


START 

47557 




10000 

047557 

017511 

FPL AG 


O’ ZTFLAG 




10100 

04 75 6 0 

000000 

TRX 


O'O 

CA LC. 

FR 


10200 

047561 

360053 


ENTBK 

43D 




10 300 

047562 

123751 


ENTAL 

DSM 




10400 

047563 

307557 


IRJP 

FOLAG 

FILTER 

DSM 


10500 

047564 

443744 


STRAL 

FR 




10600 

047565 

121044 


ENTAL 

THET 




10700 

047566 

167124 


SURAL 

THE NOT 




10300 

047567 

247123 


MULAL 

KTHE 




10900 

047570 

264217 


DIVA 

0360 




11000 

047571 

143744 


ADDAL 

FR 




11 100 

047572 

443744 


STRAL 

FR 




11200 

047573 

163743 


SUBAL 

SR 




inno 

047574 

443756 


STRAL 

FRMSR 




11400 

047575 

123744 


ENTAL 

FR 




11500 

047576 

244073 


MULAL 

ONE 7 . 




11600 

047577 

264111 


DIVA 

DIO 




11 700 

047600 

443745 


STRAL 

FROTFN 




11300 

047601 

557560 


IJP 

FRX 




11900 

04 76 02 

054525 

CONVRT 


O’SIGNMG 




12000 

047603 

000000 

0 TOO 


O'O 




12100 

047604 

1735 43 


FMTAL 

XI NT 

SR 



12200 

0476 05 

307602 


IRJP 

CONVRT 


. 


12300 

047606 

443743 


STRAL 

SR 




12.400 

047607 

123544 


ENTAL 

XINT+l 

FR 



12500 

047610 

30 76 07 


IRJP 

mNVRT 



[ 

12600 

047611 

443744 


STRAL 

9R 




12700 

047612 

123546 


ENTAL 

XTNT+3 

ALFA 



12 800 

047613 

307602 


IR JP 

CnNVRT 




12900 

047614 

443757 


STRAL 

ALFA 




13000 

047615 

123547 


FNTAL 

X I NT 1-4 

GMAX 



13100 

047616 

307602 


IRJP 

CONVRT 




13200 

047617 

443755 


STRAL 

<3 MAX 




13300 

047620 

123744 


ENTAL 

FP, 

FR-SR 


1 

1340 0 

047621 

163743 


SURAL 

SR 




13500 

047622 

443756 

' 

STRAL 

FRMSP 




13600 

047623 

12 374’4 


FMTAL 

FR' - . 




13700 

047624 

244073 


MULAL 

ONEZ *- 




13800 

047625 

264111 


DIVA 

010 




13900 

-0476 26 

443745 


STRAL 

FROTFN 




14000 

047627 

557603 


IJP 

nTCO 





2 w 


j5 



TABLE E~ -1l (Continued) 

INTERM ETP'l cTTo ITa ASSEMB LER 01/12/78 PACE TTtJ~ S r' '^NO - FR _ SYS T EM FOR THE~ AUG.~wi N G 


14100 

14200 

047630 

047631 

000000 SRX 
122724 

FNTAL 

O' 0 
VCAL 

DYNAMIC SAFFTY MARGIN AND SR 

L4300 

047632 

163747 

SUBAL 

VMTI1M 


14400 

047633 

442765 

STRAL 

TMPO+5 


14500 

047634 

244232 

MU LAI 

D500 


14600 

047675 

264111 

DIVA 

010 


14700 

047636 

442761 

STRAL 

TMPO+1 

DSM ( 1 ) 

1 4 BOO 

047637 

123750 

ENTAL 

ALFAMX 


14900 

047640 

163757 

SIJBAL 

ALFA 


15000 

047641 

244232 

MULAL 

D500 


15100 

047642 

264420 

DIVA 

RADDFS 


15 200 

047643 

242724 

MULAL 

vrAL 

' 

15300 

047644 

264111 

DIVA 

DIO 


15400 

047645 

442762 

STRAL 

THPO+? 

DSM I 2) 

15500 

047646 

122724 

ENTAL 

VCAL 


15600 

047647 

163^46 

SURAL 

VMJN 


15700 

047650 

442764 

STRAL 

TMPO+4 


15300 

047651 

24 7125 

MULAL 

K0SM3 


15900 

047652 

263746 

DIVA 

VM1N 


16000 

047653 

442763 

STRAL 

T^PO+3 

DSM (3) 

16100 

047654 

122764 

ENTAL 

TMPO+4 


16200 

047655 

244157 

MULAL 

D100 


16300 

047656 

442764 

STRAL 

TMPO+4 

DSM (4) 

16400 

047657 

122765 

ENTAL 

TMPO+5 


16500 

047660 

247126 

MULAL 

KDSM5 


16600 

047661 

263747 

DIVA 

VMINM 


16700 

047662 

442765 

STRAL 

TMPO+5 

DSM I 5) 

16300 

047663 

443751 

STRAL 

DSM 


16900 

047664 

360004 

ENTBK 

4 

FIND SMALI.F ST DSM (I) 

17 000 

047665 

423752 

STRB 

I DSM 


17100 

047666 

360003 

FNTRK 

3 


17200 

047667 

032761 

CM ALB 

TMPO+1 


17300 

047670 

677673 

JP MGR 

LOK + 3 


17400 

047671 

132761 

ENTALB 

TMPO+L 


17500 

047672 

42 ’752 

STRB 

I DSM 

| 

17600 

047673 

72 7667 

B JP 

LOK-4 

I 

17700 

047674 

443751 

STRAL 

DSM 


17800 

047675 

443743 

STRAL 

SP 


17900 

047676 

123752 

ENTAL 

I DSM 


18000 

047677 

710001 

ADDALIO- 

L 


18100 

047700* 

44375? 

STRAL 

I DSM 


18 200 

047701 

55763 0 

IJP ” 

SRX 


18700 

04770? 

000000 N7X 


O'O 

CALC. LOAD FACTOR 

18400 

0477Q3 

124257 

FNTAL 

D1000 


18 500 

047704 

141002 

ADDAL 

ACC ZB 

1NCPFH FNTAL AZ , +UP 
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TABLE E-1 (Continued) 


f NTERMSfpTCS'Yai94 - ASSEMBLER 01/12/78 PAGE 7 STI SR AND FR SYSTFM FOR TUE”AUG. WING - 


18600 

097705 

360054 

FNTBK 

44D 

I 

18700 

097706 

307557 

IRJP 

FOLAG 


18800 

097707 

44.3753 

STRAL 

NZ 


18 000 

097710 

107010 

ENTAU 

SINQO 

1 

19000 

097711 

300035 

IP JP 

SORT 

1 

19100 

097712 

504320 

RSHA 

16D 


19200 

097713 

244157 

MULAL 

D100 


1°300 

097719 

5043 C2 

P SHA 

2D 


19400 

097715 

443754 

STRAL 

SONZ 

1 

19 500 

097716 

557702 

TJP 

N7X 


19600 

097717 

000000 GAM AX 


0*0 

CALC. MAXIMUM GAMMA 

19700' 

097720 

127140 

ENTAL 

KG1 


19800 

097721 

243744 

MULAL 

FR 


1 0 900 

097722 

2641 57 

DI VA 

D 1 0 0 


; 20000 

097723 

147137 

ADDAL 

KGO 

1 

20100 

097729 

443755 

STRAL 

GMAX 


20200 

097725 

127141 

ENTAL 

KG 2 

1 

20300 

097726 

243744 

MULAL 

FR 


, 2C400 

097727 

264257 

DIVA 

mooo 


20500 

097730 

243744 

MULAL 

FR 

- 

20600 

097731 

264257 

DIVA 

mooo 


70700 

097737 

143755 

ADDAL 

GMAX 


20800 

097733 

443755 

STRAL 

GMAX 


20 900 

047734 

124373 

ENTAL 

Dl 0000 


| 21000 

097735 

163753 

SURAL 

NZ 

1 

21100 

097736 

244420 

MULAL 

RADDES 

1 

21200 

097737 

264373 

DIVA 

Dl 0000 


21300 

097790 

143756 

ADDAL 

GMAX 


1 21900 

097791 

443755 

STRAL 

GMAX 


21500 

097742 

557717 

IJP 

GAMAX 


21600 

043110 

000000 

START 

43110 




TABLE E:—' 1| ( Cont inued ) 


1 I NTE RMETR I C S 1819A ASSFMRLFR 

01/12/70 

PAGE 0 STI SR 

AND FP SYSTEM FOR THE AUG. WING 

21 900 

043110 

767603 

R JP 

DTCin 

GET 8400 VARIABLES 

22000 

0431 11 

763164 

PJP 

TEETH 

SAW TOOTH FUNC.FDR DYNAMIC CHECKS 

22100 

043112 

767702 

R JP 

M7X 

L.P. 6 SORT L.F. 

22200 

0431 13 

7631 7? 

R JP 

VMINX 

VMIN E VMIHM 

22200 

043114 

763216 

R JP 

AT MX 

ALFMAX 

22400 

043115 

767630 

RJP 

SPX 

DSM, IOSM, SR 

! 22500 

043116 

767560 

R JP 

FRX 

FR £ FR-SR 

22600 

0 43 1 1 7 

767717 

P.JP 

GAMAX 

GMAX 

22700 

043120 

121771 

ENTAL 

ERNFLG 


22800 

043121 

613543 

JPALZ 

BLANKE 


22 900 

043122 

123756 

ENTAL 

FRMSP 

PUT FR-SR ON RUNWAY PERSP. 

23000 

043123 

164337 

SURAL 

D5000 

BIAS DOWN 5 05! 

23 100 

043124 

247142 

MULAL 

PNSR 

SCALE AT 50?/ IN 

23200 

043125 

264157 

DIVA 

D100 


’ 23300 

043126 

442760 

STRAL 

TMPO 


22400 

043127 

244160 

MULAL 

M100 


23500 

043 130 

266727 

DIVA 

THE TSC 


23600 

043131 

146732 

ADDAL 

ZMAX 


23700 

043132 

443023 

STPAL 

7AV 

1 

23 800 

043133 

124071 

ENTAL 

7ER0 


23900 

043134 

443024 

STRAL 

XV 


24000 

043135 

124337 

ENTAL 

05000 

RUNWAY C-ORNERS 1 

24100 

043136 

442617 

STRAL 

XR1 

.i 

24200 

043137 

442622 

STRAL 

XR4 

i 

24300 

043140 

144203 

ADDAL 

0250 

LENGTH 

24400 

043141 

442620 

STRAL 

XR2 


24 500 

043142 

442621 

STRAL 

XP3 


24600 

043143 

700031 

ENTALK 

25D 

W/2 

24700 

043144 

164302 

SURAL 

D2000 

Y 

24800 

043145 

442623 

STRAL 

YR1 


24900 

043146 

442624 

STRAL 

YP? 


25000 

043 ] 47 

707746 

PNTALK 

-25D 

-W/2 

25100 

043150 

164302 

SURAL 

D2000 

Y 

25 200 

043151 

442625 

STRAL 

YP3 


25300 

043152 

442626 

STRAL 

YR4 


25400 

043153 

343252 

JP 

RNY60-1 


25500 

0431 54 

000000 TFFTH 


O’O 

SAW TOOTH FUNCTION 

25600' 

0431 55 

123761 

ENTAL 

TR 

SFT SR IC TO 10000 

25700 

043156 

023762 

CMAL 

TRA 

SET SR A TO 15000 

25800 

0431 57 

653162 

JPMLEQ 

LOK+3 


25900 

043160 

023763 

CMAL 

TRB 

SFT SRB TO 1000 

26 000 

0431 61 

653166 • 

. JPMLEO 

. LOK-t-5 ... _ _ 


26100 

043162 

123764 

ENTAL 

TRAR 

SET S'RAB TO p.00- 

26200 

043163 

506100 

CP AL 


- CHANCE SIGN OF DELTA IF 

- 





. 



TABLE E-1 (Continued) 


INTFRMETR ICS 1JU9A ASSEMBLER 

01/17/70 

PACE 9 STI 

SR AND TR SYSTEM FOR THE AUG. WING 

26 300 

043164 

443764 

stpal 

TR AB 

OUT SIDE BOUNDS 

76400 

043165 

123761 

ENTAL 

TR 

- 

76 500 

043166 

143764 

ADPAL 

TRAB 

INCREMENT SR 

26600 

043167 

443761 

STRAl 

TR 

I. 

76700 

043170 

443743 

5 T R AL 

SR 


76800 

043171 

553154 

I )P 

TEF Til 


26 =00 

043172 

000000 VM1NX 


0 '0 

MINIMUM AIRSPEED 

77000 

0431 73 

127130 

F NT AL 

KUVMH 


77 100 

043174 

247147 

MULAL 

NH 

| 

27200 

043175 

264157 

DIVA 

0100 


77300 

043176 

147127 

ADDAl 

KMVO 

l 

P^OO 

043 177 

443746 

STRAL 

VMIN 


27500 

043200 

127131 

ENTAL 

KMVNH2 


77600 

043201 

242147 

MULAl 

NH 


27700 

043202 

264757 

DIVA 

01000 


27000 

043203 

242147 

MULAL 

NH 


77900 

043704 

7647.57 

DIVA 

D1000 


20000 

043205 

143746 

ADDAL 

Vfl TN 


70 100 

043206 

243754 

MULAL 

SON 7 


78700 

043207 

767040 

DIVA 

COSO 


78300 

043210 

443746 

STRAL 

VMIN 

MIN, A/S 

70400 

043711 

17.7143 

FNTAL 

VMM 


70500 

043212 

243754 

MULAL 

SONZ 


28600 

043213 

264373 

DIVA 

D10000 

1 

20700 

043714 

443747 

STPAL 

VHINM 

MIN. A/S AT MAX. POWER i 

20800 

043715 

5531 7? 

UP 

VMJNX 


28900 

043216 

000000 AFMX 


d'c 

MAX, AOA 

29000 

043217 

127133 

FNTAL 

KAV 


7=100 

043220 

242774 

MULAL 

VCAL 

i 

29 200 

042221 

264111 

DIVA 

010. 


29300 

043722 

147132 

ADDAL 

KAO 


2=400 

043723 

443750 

STRAL 

ALFAMX 


2 = 500 

043224 

127134 

ENTAL 

KAV2 


79 600 

043725 

7477=4 

MULAL 

VCAL 


29700 

043226 

2641 57 

DIVA 

D100 • 


29800 

043227 

747724 

MULAL 

VCAL 


29900 

043230 

7.64157 

DIVA 

P100 


30000" 

043731 

143750 

ADDAl 

At FAMX 


30100 

043232 

443750 

STRAL 

ALFAMX 


30700 

043 733 

127135 

ENTAt 

KANII 

» 1 

! 30300 

0,43 7 34 

747147 

MULAL 

NH 


30 400 

043735 

764157 

DIVA 

0100 

1 

1 30500 

.043736 

143750 

ADDAL 

ALFAMX 


30600 

043237 

443750 

STRAL 

ALFAMX 


30700 

043240 

12 71,36 

ENTAL 

KANH2 

. . * - ■ 



_ 


* ,, 


- 




REPRODUCIBILITY OP THE 
OBIGJNM. PAGE IS POOR 
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TABLE E- 11. (Continued) 


cn 


I NTE RIIETR ICS 1819A ASSEMBLER 
"50 8 0 0 943241 242147 
70900 043242 264257 

01/12/78 

MULAL 

OlVA 

PAGE 10 STI 

Nil 

D1000 

SR AND FR 

SYSTEM 

FOR THE AUG. WING 

71000 

043243 

242147 

MULAL 

NH 




71 100 

043244 

264257 

DIVA 

D1000 




71200 

043245 

143750 

ADDAL 

A L c AMX 




3 i. 300 

043246 

443750 

STRAL 

ALFA MX 




31400 

043247 

557716 

IJP 

AFMX 




71500 

047527 

000000 

START 

42527 

USE 

FP A FDR 

GR 












INTcpf'ETP ICS 18194 ASSEMBLER 
31800 042527 123755 
31900 042530 162423 

01/12/78 

CjNTAL 

SURAL 

P AG C U 

GMAX 
GAMMA! 

USF FP A FOR GR 

MAX, AERO FP A 

77000 Oh-2531 
32100 04253? 
77200 042 5"*7 

244157 

264252 

504000 

MULAL 

DIVA 

rgnnp 

D100 

D900 

. 

77 300 047 6 07 
32400 042607 
■ 32500 047610 

000000 

123744 

164373 

START 

ENTAL 

SURAL 

4 26 07 
FR 

DIOOOO 

USE SPEED RUG FOR FR > 
FLIGHT RFF. t 
RIAS TO CENTER 

37600 042611 
32700 04261? 
7?800 047617 

244154 

764337 

504000 

MULAL 

DIVA 

MODP 

D31 

05000 

SCALE AT 91 PTS/1N 
50X/TN 

1 32^00 042614 

504000 

NflOP 
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(Continued) 


ED RUG TOR FR 


31400 

_ -20400 '30000 -30lob 3 0500* " '-Y06OO 31 3 00 -->1300 

-12 K 00 -12000 -13100 

— 16 BOO -17700 

- 21°00 
- 10700 

11000 -U100 11400 -12 600 .moo 136 00 ItJlOQ. 

-13500 22900 

-13900 __ 

-22500 

2 . 26 QQ. 

-20100 20700 -20800 21300 -21400 31800 

-17500 17900 -18100 


21000 

-22100 

2R100 28500 

-12300 13400 17800 -26700 

-22400 
26800 

~Z6?00 -266 00 ” - 

%■>* - - • * 

-26300 2 6500 J 


15900 


77400 


28000 


28300 



TABLE TS-J' (Continued) 


0 

s 

VJ1 


INT-ERMFTP'iCS 1 819 A "ASSEMBLER 01 /l 2/78 PAGE 13 USE SPEED PUG FOR FR 


VHINM 

LINE 

8000 

‘LOC 

033747 

REF 

14300 

16600 -28700 

VMINX 

LIME 

? 6^00 

LOC 

043172 

PFF 

-2 27.00 

28300 

VMM 

' LINE 

7200 

LOC 

037143 

REF 

28400 



/*“ 

„ 

— 


. 

— - 




I NTF RM £TR ICS 1819A ASS EMBLER 01/12/78 PAGE 14 USF SPEED PUG FOP FR 


V>4 

03 


CROSS REFERENCE FOR GLOBAL, LABELS 


ACCZB 

LIME 

3500 

LOC 

031002 

REF 

18500 






. r 

RL AMKE 

LINE 

1000 

LOC 

0^3 543 

RFF 

2 2 800 






j 

rnso 

l INE 

3400 

Lor 

037040 

REF 

28200 






, 

CDSPHT 

LINE 

3700 

LOC 

032 54 2 

IS NOT 

REFERENCED. 






*\ 1 , 

010 

LINE 

400 

Lnc 

034 111 

REF 

1 140 0 

13800 

1460 0 

1 5300 

29200 


. 1 

D100 

LINE 

700 

LOC 

034157 

RFF 

16 200 

19200 

19°00 

232U0 

2 7200 

29700 

29900 30400 1 

32000 












i 

01000 

l INE 

3 7 00 

LOC 

034257 

REF 

10400 

20400 

20600 

27700 

77900 

3090 0 

31100 .2 ’ 

nioooo 

LINF 

3300 

LOC 

034373 

RFT 

20^00 

21200 

28600 

37500 


[ 

02000 

LINE 

3000 

LOC 

03430? 

RFT 

24700 

25100 





, 1 

0230 

LINE 

2900 

LOC 

034203 

REF 

24300 






1 


02 60 

LINE 

"sob" 

LOC 

034217 

RFF 10°00 






D.500 

LINE 

5100 

LOC 

034232 

RFF 14500 

15000 





05000 

LINE 

1300 

LDF 

034337 

RFF 23000 

24000 

.32700 




D81 

LIME 

4300 

LC1C 

034154 

REF 32600 





. 1 

D9 00 • 

LINF 

4400 

LOC 

034252 

RFF 32100 





K «. ' 

D7.C11 

LINE 

4600 

LOC 

031255 

IS NOT REFERFNCFD. 





► l T l 

ERNFLG 

LINE 

1100 

LOC 

031771 

REF 22700 






GAMMA I 

LI M c 

3800 

LOC 

032423 

RFT 31900 






I ASPSF 

LINF 

4500 

LDC 

031274 

IS NOT PFFFPENCFD. 





; i 

M100 

LINF 

2200 

LOC 

034160 

REF 23400 





- •/ 

NH 

LINE 

900 

LOC 

032147 

REF 27100 

27 600 

27800 

30300 

30000 

31000 4 6 1 

NF1CRDS 

LTNE 

4800 

Lor 

014051 

IS NOT REFERFNCFD. 





1 f * | 

ONE 7 

LINE 

300 

LOC 

034073 

REF 11500 

13700 




i 

P SI DOT 

LINE 

4000 

LOC 

030763 

IS MOT petfrfncep. 





! 

RADDCS 

LINE 

4200 

LDC 034420 

REF 15100 

21100 




. 

' RNYCO 

LINR 

3100 

LOC 

043253 

REF 25400 





1 

S IGNMG 

LINE 

5000 

LOC 

054525 

REF 11900 





< 

SINOO 

1 INE 

2800 

LDC 

037010 

REF 18900 





* 

S INC DA 

LINE 

4100 

LDC 

040034 

IS NOT REFFPCNCFO. 





, - * * i 

SORT 

LINE 

3600 

LDC 

040035 

REF -19000 





i 

; THET 

LINE 

800 

LOC 

031044 

REF 10600 





, 

THETSC 

LINE 

7300 

Lnc 

036727 

REF 23500 






THTCON 

LINE 

4700 

LDC 

0 32.266 

IS NOT P,EF FP EN CEO. 






TMPO 

LINE 

1200 

LOC 

032 760 

REF -14400 

-14700 

-15400 

-15700 

-16000 

16100 -16300 16400 

-16700 

17200 17400 -233 

00 





* 

VC AL 

LINE 

600 

Lnc 

032724 

PFF 14200 

15200 

15500 

2.9100- 

“2 9600 

29800 

VTATRF 

LINE 

3900 

Lnc 

032727 

IS MOT REFERENCED. 



,, 

“ * 


.XI NT 

cTu c 

4900 

LOC 

033543 

REF 12100 

12400 

12 700 

13000 



XR 1 

LINF 

1400 

LDC 

032617 

REF -24100 





[ 

XR2 

LINE 

1500 

LOC 

032620 

. RE C „ -24400 






XR 3 

LI N c 

1600 

LHC 

032621 

REF- , -24500 


> 




XR 4 

LINE 

1700 

LOT 

03262? 

PET* -24200 

* ■r* * 




* * - * 1 







vB _ . _ * - - _IA£LE_ J3 =Jl (iQoncluded^^ _ 


INTTRMF 

TRIGS 

L 319 A ASSEMBLER 01/12/78 PAGE 

15 USE SPEED BUG FOP fr 


' 

XV 

LI MF 

2600 

LOT 031024 

REF 

-23°00 



YR1 

LIME 

1300 

Lor, 0 32623 

REF 

-24800 



YR2 

LIME 

1900 

LOC 032624 

REF 

-24900 



YR3 

LIME 

2000 

LOG 032625 

REF 

-25200 



YR4 

7AV 

LINE 

2100 

LHC 032626 

PEF 

-2 5^ 00 



LINF 

2500 

LOG 033023 

RFF 

-23700 



ZERO 

LINE 

? 700 

LOC 034071 

REF 

23800 



7. MAX 

LINF 

2400 

LPC 036732 

PFF 

23600 



7TFLAG 

LINE 

5200 

LOC 017511 

REF 

10000 


1 


[ NTERMETR ICS 1819A ASSEMBLER 01/I2/TB PAGF 16 USE SPEED BUR FDR FR 

) 


L>l 

SO 


MQ ERRORS DETECTED 



A portion of the code required to put FR - SR on the runway perspective 
is shorn in the listing of Table >E~1 . All of the other changes required 


are delineated below. 

r 


[4 3275] 

MdLAL'TMPO = 24 2760 

(24 1044) 

'[4 3320] 

ENTAL' ZERO = 12 4>71 

(12 1327) 

[4 3321 ] 

noop' = 50 tooo 

(71 7671) 

[4 3476] 

MUIAL'ZERO - 24 4)71 

(24 1327) 


4. GAMMA. REFERENCE (GR) DISPLAY 

The flight path acceleration bar was used to display 7 mF)X (which is 
the steady state maximum flight path angle possible at the existing FR) . 
It was displayed with respect to the artificial horizon, and had the same 
sensitivity as the inertial flight path bar. The required changes are 
delineated below: 


[4 2527] ENTAL' GMAX 

[4 2530] SUBAL 1 GAMMA.I 
[4 2531] MULAL’DIOO 

[4 2532] DIVA’D^O 

[4 2533] NOOP T 


12 3761 (12 2571) 

16 2423 (24 4420) 
24 4157 (26 7027) 
26 4252 (10 4024) 
50 tooo (76 5331 ) 


5. REM (SJ H ) DISPLAY 

The following changes were made in order to display N^ on the EADI 
center window: 


[3 

[3 

[4 

_ [4 
[4 
[4 


6743] 

ID 

= 00 0001 

(00 0457) 

6745] 

10D 

= 00 0012 

(00 1140) 

2722] 

ENTBK'4 

= 36 ooo4 

(32 1763) 

2770] 

STRZ’SGNENA 

= 40 0427 

(12 2034) 

2771] 

ENTAL'NH 

= 12 2147 

(63 2735) 

2772] 

JP'3002 

= 34 3002 

(40 0427) 


TR 1095-1 


l4o 



6. PITCH SAS MODIFICATION 


The following changes were made to the pitch SAS as per E.O. No. 271a 
dated 2 April 1976. 


[5 

2306] 

02 5370 

[5 

2315] 

06 4570 

[5 

2275] 

02 7340 

C5 

1466] 

47 0500 

C3 

X 

VJI 

ON 

1 — 

07 2460 

[1 

4027] 

02)71:56 

[1 

4015] 

34 7710 

[1 

7710] 

44 2762 

[1 

7711] 

12 2021 

[1 

7712] 

63 4oi6 

Cl 

7713] 

12 2024 

[1 

7714] 

50 4ooo 

[1 

7715] 

63 4016 

[1 

7716] 

12 7156 

[1 

7717] 

44 2301 

[1 

7720] 

34 4032 


-7. ELIMINATION OF TIMING PROBLEM 

It was discovered that a portion of the MFD code was causing at. timing 
problem. The following patch was made in order to circumvent the errant 
code. 


[6 0622] 34 0647 ( 50 7513) 


8. AUTOPILOT MODIFICATIONS 


The standard airspeed-hold autopilot was transformed into an FR-hold 
autopilot. The approach taken was to calculate an effective speed error 
from the flight reference error, that is: 


AV 


A AFR[$1 
- yk/'k-t 


AFR 


A 


FR c 


FR 
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The flight reference command (FR C ) was equated to the standard variable 
used for airspeed command ( IAS KEF); and the calculation of effective speed 
error was substituted every place the true speed error was calculated 
(VCERR or MTDKV). The following patches were required: 


a. Convert IAS KEF to FR : 

c 

[1 1033] ESHAL’FROTEET = 12 3743 

[1 1346] 

[1 6317] 

[1 7273] 

[1 7427] 

[2 5to2] 

[2 7017] 

[4 2106] t 

where FROTEK = FS/lO 

b. Remove IASREF limit calculation and set FR c limits to 75 $ and 120$. 

[6 46oo] stoop ’ = 50 4ooo 

[3 2400 ] 750D = 00 1356 

[3 2401] 1200D = 00 2260 


c. 


Calculate the effective speed error 


from FR and FR. 
c 


[4 

[4 

[4 

[4 

[4 

[4 

[4 

[4 


7611] 

XFRERR O'O 

= 

00 0000 

7612] 

ENTAL’ IASREF 

= 

12 1270 

7613] 

MULAL’DIO 

= 

24 4111 

7614]- 

SUBAL'FR 


16 3747 

7615] 

MOIAL’ORE 

= 

24 4073 

7616] 

DIVA , D 50 

= 

26 4 l 43 

7617] 

STEAL’ VCERR 

- 

44 2616 

7620] 

UP’ XFRERR 

- 

55 7611 
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d. Change calculations of VCERR and HJTDKV to calculate the effective 
speed error. 


[1 

1355] 

■ \ ” IRT'P’IFRERR 


30 1357 

[1 

1356] 

JP’LOK+2 

= 

34 1360 

[1 

1357] 

IFRERR O'XFRERR 

= 

o4 7611 

[1 

5025 ] 

IRJP'YFRERR 

= 

3o 1357 

[1 

5026 ] 

HOOP' 


50 4ooo 

[1 

5027 ] 

HOOP' 

“ 

' 50 ' 4ooo 

[1 

6530] 

IRTP' IFRERR 

— 

30 1357 

[1 

6531 ] 

I\OOP' 


50 4ooo 

[1 

6532 1 

100P' 

= 

50 4000 

[1 

6561 ] 

IRJP’ IFRERR 


30 1357 

[1 

6562 ] 

HOOP' 


50 4ooo 

[6 

4513] 

IRJP’ZFRERR 

= 

3o 4515 

[6 

4514] 

JP'LOK+2 

= 

34 4516 

[6 

4515] 

ZFRERR O'XFRERR 

=5 

o4 7611 

[6 

4516 ] 

HOOP' 


50 4ooo 


e. Inhibit nozzle changes (this was done because the SR, FR scheme 
described herein was designed for one value of nozzle deflection) . 


[1 7103] 

HOOP 1 

= 50 

0 

0 

[1 7121] 

HOOP' 

= 50 

4ooo 

[1 7306] 

STOOP' 

= 50 4000 


f . 


Remove the pitch "feedforward 1 ' in the elevator loop (this was done 


because the variable TffiFPR would occasionally cause .large pitch 
excursions ) . 


I'l 4052.] 
[1 4053 ] 
[1 4054] 
[1 4055] 
[1 4056] 


HOOP' 


* 


50 4ooo 


t 
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g. Add an option for a pitch-attitude- to- throttle crossfeed (this was 
done in order to decouple the FR and flight path axes) 111 . 


(l) Calcinate the crossfeed 


[1 

[1 

[1 

[1 

[1 

[1 

[1 

[1 

[1 

[1 

[1 


4035] 

ADDAL'ZCI 1 

= 

14 1271 

403 6 ] 

R 00 P’ 

= 

50 4ooo 

40371 

ENTBK'IID 

= 

36 0013 

4o4o] 

RJP'ZTEWO 

= 

76 7522 

4o4i ] 

MUIAL'KFEDT 

— 

24 3757 

4o4s] 

DI\A , D360 

= 

26 4217 

40433 

STEAL’ THTAX 

— 

44 3760 

4o44] 

RQ 0 P’ 


50 4ooo 

4045 ] 

R 00 P’ 


50 4000 

4046] 

R 00 P’ 

= 

50 4000 

4o47] 

R 00 P’ 

= 

50 4ooo 


Refine required constants 


[3 1602] 

130527D 

[3 3757] 

-324D 

[3 3760] 

0 

(3) Add crossfeed to 

throttle 


(washout time constant) 

(X-feed gain) 

(X-feed -variable) 

command. 


[1 6627] 
[1 7735] 

[1 7736] 

[1 7737] 
[1 77^0] 
[1 7741 ] 
[1 7742] 
[1 7743] 


JP’7735 

= 

34 7735 

ERTAL’ THTAX 

— 

12 3760 

MCJLAJi’KTHTHR 


24 21 41 

ADDA ' TMPO 


20 2760 

STRA'TMPO 

- 

50 0600 



03 2760 

ERTAL' THRTBL 


12 2162 

JP'6630 


34 6630 


h. Define the proportional and integral flight reference gains. 

[3 2303] Kyras -4 (1^) 

73 2134] KCJRSS1 -4 (K FBi ) 

* This option was not cheeked out. 


144 


TR 1093-1 



